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I. INTRODUCTION 
The Rio Grande do Sul Plateau region represents an im­
portant agricultural area in the extreme south of Brazil. 
Approximately 30% of all Brazil's soybeans is produced there, 
totalling 12,530,000 metric tons in 1977, and practically all 
of the state-wide wheat production comes from this region and 
represents approximately 50% of total national wheat 
production. 
Wheat and soybeans have been the major crops grown on the 
soils of this region. Wheat is the major crop option for the 
winter season and soybeans are grown in the summer, represent­
ing the locally called wheat and soybean crop system. This 
permits continuous utilization of the farm equipment all year. 
The general soil acidity conditions for the soils of Rio 
Grande do Sul State may be represented by the fact, as men­
tioned by Kaminsky (1976), that approximately 50% of the soils 
from this state require more than 4 tons lime per hectare to 
raise soil pH to approximately 6, and 70% of these soils have 
pH values lower than 5,5. This situation may be somewhat 
different now, four years later, but still represents sig­
nificant lime needs for this area. 
The majority of the soils of the Rio Grande do Sul 
Plateau region have been developed from basalt, although in 
some regions, sandy material may occur in the soils (Lemos 
et al., 1967). These soils are generally highly weathered. 
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as characterized by the Oxisol and Ultisol soil orders (Lemos 
et al., 1967), and as demonstrated by iCSmpf and Klamt (1976) 
and Goedert (1967) through analysis of the mineralogical com­
position of these soils. These soils have soil acidity prob­
lems related to high concentrations of A1 and/or Mn, as men­
tioned by Volkweiss and Ludwick (1969), which are reflected 
especially on the yields of legume-type of crops that are 
sensitive to factors of soil acidity. 
The results from some basic research, which showed the 
advantages of liming acid soils and the possibilities of 
using lime on these soils as a basic soil management practice 
to increase crop productivity, contributed to the rapid in­
crease in the use of liming to correct soil acidity problems 
in this southern region of Brazil. 
This research was proposed to be conducted on representa­
tive soils in the typical wheat and soybean producing areas 
of the Rio Grande do Sul Plateau to evaluate the effect of 
liming on the soil properties of these soils, to quantify 
wheat and soybean yields in relation to the modified soil 
acidic properties as affected by lime rates, and to evaluate 
and quantify lime responses for these soils. 
The final objective of this study was to determine 
production function relationships to represent the responses 
of soybeans and wheat to lime on the acid soils. These 
production functions would permit the evaluation of liming 
3 
as an investment over time and the final characterization 
of an efficient limestone allocation for the specific soil 
conditions and the crops grown in the region. 
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II. LITERATURE REVIEW 
Environmental conditions for plant development are known 
to not be unique for a particular soil type, plant species, 
or cultivar. The general rule is for the complex interrela­
tionships among soil and plant factors to reflect, modify, 
or originate a new environment. 
A. Soil Acidity as a Factor for Plant Development 
According to Coleman et al. (1958), the soil factor af­
fecting plant growth and mineral nutrition is a complex one, 
involving an interrelation among ion exchange characteristics, 
saturating ions, biological activities, and a host of other 
variables. 
Specific factors responsible for low yields on acid soils 
include A1 and Mn toxicity and deficiencies or imbalances 
among the basic cations. Sometimes other unidentified factors 
or interactions between factors appear to be operating 
(Abruna et al., 1975). 
1. Soil acidity and climate relationships 
Climate has been recognized as one of the most important 
soil forming factors. Soil acidity is common in all regions 
where precipitation is high enough to leach appreciable 
amounts of exchangeable bases from the surface layers of 
soils (Buckman and Brady, 1969). 
5 
Kamprath and Foy (1971) stated that soils developed in 
humid regions under conditions in which rainfall exceeds 
évapotranspiration during most of the year would cause a 
gradual depletion of basic cations and the development of 
soil acidity. A more detailed discussion on the effect of 
climate on the development of soil characteristics, and the 
effect of rainfall and temperature as weathering agents in the 
soil acidification processes is presented by Buol et al. 
(1973). 
2. Characterization of general soil properties for the highly 
weathered acid soils developed under humid conditions 
Ultisols and Oxisols are the classic soil orders repre­
senting soils developed under intensive weathering conditions 
(Blue, 1974). As a consequence of the soil forming processes 
to which these soils have been subjected, the Ultisols present 
argillic horizons that are saturated less than 35% with 
bases, and the Oxisols have oxic horizons with a cation ex­
change capacity (CEC) of less than 16 meq/lOO g. Organic 
matter is normally low in both soil orders and the clay min­
erals have a low CEC. 
Another soil property related to Ultisols and Oxisols, 
as pointed out by Blue (1974), is that exchangeable A1 fre­
quently is sufficiently high to be detrimental to crop produc­
tion, and available Mn may be excessive. 
The inorganic colloids identified in Ultisols are kaoli-
nite, halloysite, vermiculite, 2tl to 2:1:1 intergrades. 
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sesquioxides, and gibbsite. The clay fraction of these soils, 
however, is dominated by kaolinite and still contains 2:1 
minerals along with Al-chlorite (Lathwell, 1979). 
The Oxisols tend to contain varying amounts of hydrated 
oxides of A1 and Fe (gibbsite, hematite, and goetite), kao­
linite, and Al-interlayered chlorite. The clay fraction is 
dominated, according to several authors referred to by Lath-
well (1979), by iron oxides, gibbsite, and amorphous materi­
als, with only traces of the 2:1 minerals. According to 
Lathwell (1979), it is likely that the weathering of the Al-
chlorite and the 2:1 minerals provides the main source of 
neutral salt-extractable A1 found on the exchange complex 
of these soils. 
Kampf and Klamt (1975) studied the mineralogical composi­
tion of some acid soils from the Rio Grande do Sul Plateau 
(Estaçao and Vacaria soil mapping units). Chemical analysis 
of these soils showed that amorphous materials, free Fe 
oxides and kaolinite were the principal mineralogical compo­
nents of these soils. The predominance of these minerals 
was attributed to be responsible for the low cation satura­
tion and low CEC values for these soils. 
Keng and Uehara (1974) pointed out that the soils of the 
tropics, particularly the Oxisols and Ultisols, are unlike 
soils of temperate regions which contain minerals of the 
constant surface charge type. The tropical soils contain 
minerals which are predominantly of the constant surface 
7 
potential type. This latter grotp includes the crystalline 
and noncrystalline oxides and hydrous oxides of aluminum, 
iron, titanium, manganese, and silicon as well as several 
important layered silicates and their amorphous chemical 
equivalents. Kaolinite, halloysite, and allophane fall into 
this category. These minerals are quite common in the Oxisols 
and Ultisols of the tropics, and often are the only types 
present in a soil. 
Lathwell (1979) worked with highly weathered acid soils 
in which the crystalline clay fraction was dominated by 
kaolinite. All of these soils contained a sizeable clay 
fraction consisting of amorphous materials and organic 
matter, which contributed to a substantial pH-dependent 
charge in many of these soils. 
According to McLean (1971), the negative charges on both 
organic matter and hydrous oxide clays are highly pH-dependent. 
The effective permanent charge of the clays of tropical soils 
is relatively low, and thus, a much higher proportion of the 
total CEC is pH-dependent in tropical than in temperate soils. 
Coleman and Thomas (1967) pointed out that a pH-dependence 
of soil CEC can be described quantitatively in terms of the 
behaviors of the constituent minerals and organic matter. 
The magnitude of the contribution of the organic matter and 
mineral soil constituents to the pH-dependent CEC may vary 
with the type and concentration in the soil. Humus is known, 
as mentioned by Seatz and Peterson (1964), to be a very 
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heterogeneous material and, therefore, it varies in composi­
tion from one situation to another. 
According to Seatz and Peterson (1964), amorphous 
aluminum and iron hydroxy complexes may coat the alumino-
silicate minerals, and in so doing, they may block normal ex­
change sites. This effect of aluminum polymers blocking 
cation exchange sites through their positive charges and 
thereby reducing the CEC is also mentioned by Blue (1974). 
similar discussions on the subject are given by Coleman and 
Mehlich (1957), Coleman and Thomas (1967), Kamprath (1971, 
1972), McLean (1971, 1976), and Volk (1959), These complexes 
are not readily exchangeable with unbuffered neutral salts at 
low ^  values. As the of the system increases, however, 
these complexes undergo hydrolysis with the concommitant 
unblocking of exchange sites on the minerals (Seatz and 
Peterson, 1964; McLean, 1976; and others). 
Coleman and Thomas (1957) also analyzed the dependency of 
soil CEC on soil pH. They termed the negative charges of the 
soil CEC on clays and organic matter, which varies with soil 
pH, as the "effective" cation exchange capacity. They also 
mentioned that, while the CEC of kaolinite and montmorillonite 
is constant below pH 6, it increases at more alkaline reac­
tions, and the negative charge of humus increases linearly 
with pH. The same authors analyzed the relative contribution 
of organic matter to the overall cation exchange capacity of 
a soil. The soil organic matter possesses a very high cation 
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e>:change capacity property, in general. Considering an aver­
age CEC value for organic matter, measured at pH 7, as near 
200 meq/lOO g as pointed out by the authors, 1% of organic 
matter would contribute about 2 meq/lOO g toward the CEC of a 
soil. This observation is in accord with Blue (1974), i.e., 
most of the CEC of both Ultisols and Oxisols is derived from 
organic matter. 
Coleman et al. (1959) stated that the pH-dependent charges 
of soils appear to arise from a number of sources, and the 
factors affecting their magnitudes under different environments 
are not well understood. Organic matter may contribute to pH-
dependent charges from a number of functional groups, while 
clays may either ionize H, selectively adsorb OH, or develop 
negative charges through shifts in metal coordination. 
Pratt and Baird (1962) measured the CEC of 15 acid Cali­
fornia surface soils at pH values between 3 and 8. The soil 
CEC at these pH values varied from a low of 2 to a high of 23 
meq/lOO g. For all the soils, the CEC increased slowly with 
pH to around 5 and then more rapidly to pH 8. The authors 
concluded that the pH-dependent CEC was due both to organic 
matter and clay. Kornelius, cited by KSmpf and Klamt (1976), 
studied the effect of varying soil pH on the CEC of some Oxi­
sols of the Rio Grande do Sul plateau and observed an increase 
of 45% in the CEC for the Estaçao and 120% for the Erexim 
mapping units as a consequence of varying the soil 01 from 
4.5 to 5.8 and 7.6, respectively. 
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According to Kamprath (1973) much of the charge of vol­
canic ash soils is pH dependent and the buffer capacity of 
these soils may be very high, particularly as a neutral is 
approached. 
Keng and Uehara (1974) have pointed out that the buffering 
capacity of oxidic minerals increases with increasing pH. 
Lime application increases the net negative charge by depro-
tonation of surface hydroxyls. Oxides can develop very high 
surface charge densities, and this accounts for the large 
quantity of lime required to change soil pH in oxidic soils 
with virtually zero cation exchange capacity. Confirming 
results were observed by Foster and Matsusaka (1952) while 
working with acid soils of Hawaii, They observed that higher 
buffer capacities were related to changes in soil pH due to 
high rates of lime additions, at pH above 5.5-6.0 to 7.0, 
in general. 
3. Aluminum activity in acid soils as a maior soil acidity 
factor for plant development 
Until recently, it was thought that the most abundant 
cation in acid soil was hydrogen. However, research studies 
have shown that the predominant cation present on the exchange 
sites of acid soils is aluminum (Baird, 1968; Coleman and 
Mehlich, 1957). According to McLean (1976), A1 is also the 
major metallic element present in the pH range commonly found 
in acid soils. 
According to Abruna et al. (1970), the commonly observed 
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low yields on Ultisols and Oxisols seem to be closely related 
to soil characteristics normally found in these soils, e.g., 
the high aluminum and manganese concentrations and the low 
exchangeable base status accompanying low pH. The possible 
sources of the high exchangeable A1 content of these soils 
have been related to the interlayered intergrade clay miner­
als and amorphous materials, as mentioned by KSmpf and Klamt 
(1976) who worked with Oxisols of the Rio Grande do Sul 
plateau. 
McLean (1976) has pointed out that when A1 is released 
from the structure of minerals by weathering processes, the 
Al^^ coordinates with six OH2 groups. Each OH2 group dis­
sociates a H^ ion in sequence as the pH increases. Some of 
the resulting Al^*, (OH)Al^*, and (OH)2^1^ ions remain in the 
soil solution, more may be adsorbed as monomers to the cation 
exchange sites of the soil, and still more may be adsorbed 
and then polymerized on the surfaces of the clay minerals or 
adsorbed and then complexed by soil organic matter. These 
ions, when complexed with organic matter, are less accessible 
for being quickly neutralized when lime is added to the soil, 
resulting in soils with high buffer capacity, 
McLean (1976) stated that the reactivity of A1 in soils 
varied with the form in which it occurs, decreasing in order 
from water-soluble Al^* or OH-Al monomers > adsorbed (exchange­
able) Al^* or OH-Al monomers > OH-Al polymers > Al(QH)g > Al 
in coordination with oxygen in mineral crystals. 
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McLean (1976) pointed out that acid soils usually con­
tain considerable exchangeable Al, Al(OH)g* or polymerized 
hydroxy-Al in the interlayers of clays as well as varying 
amounts of Fe oxides, but the activity of Al is generally 
greater than that of Fe due to its greater solubility. 
Seatz and Peterson (1964), discussing soil pH and Al 
relationships, pointed out that at low pH values most of the 
Al is present as the hexa-hydrated Al^* ion. At pH values 
above about 5, hydrated hydroxy aluminum ions probably exist 
in exchangeable form. These reactions, which are called 
hydrolysis, may be simply represented by the following 
equations: 
Al^* + H OH A1(0H)2+ + 
A1(0H)2+ + H OH A1(QH)2 + H"*" 
A1(0H)2 + H OH A1(0H)3 + H* 
Because of these chemical reactions, soils which contain 
appreciable exchangeable Al are acid in reaction (Baird, 1968). 
The hydrolysis of aluminum is responsible both for the low pH 
of solutions containing Al ions and for the buffer capacity of 
such solutions (Coleman and Thomas, 1967). Allaway (1957) 
and McLean (1976) presented a more detailed discussion concern­
ing activity of Al in soil solution in relation to active and 
potential soil acidity. Detailed information dealing with 
the overall chemistry reactions of soil Al and soil Al-soil 
pH equilibrium considerations was presented by McLean (1976). 
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4. Soil acidity factors and liming 
It has been widely known, as pointed out by Fisher 
(1969), that several conditions can exist in strongly acid 
soils, any one of which may be harmful to plant growth. These 
factors which have been singled out by investigators most 
often are indirect in their effects and include: (a) toxicity 
of Al, Fe, and Mn, (b) reduced microbiological activity, and 
(c) inadequate supply of Ca, Mg, and Mo. 
Foy (1964) states that, at a given soil value, the 
cause of poor growth of plants in acid soils seems to vary 
with soil type and also with plant species or variety. 
Possible limiting factors that have been mentioned are limited 
availability of Ca, Mo, and P and toxicities of H, Al, Mn, and 
Fe. According to McLean (1971), since toxic levels of soluble 
Al (and Mn) are often the most limiting factor for plant 
growth in such highly weathered soils, the response to lime 
appears to be primarily a consequence of inactivation of these 
substances. It is evident, however, as pointed out by Foy 
(1964), that the sequence of the above occurrences as primary 
and secondary causes of plant response to lime differ with 
individual soil situations. 
Among the several reasons for liming acid soils, as men­
tioned by Seatz and Peterson (1964), liming may affect the 
solubility and plant availability of most of the nutrients in 
the soil. In other instances, nutrient availability may be a 
secondary effect, as in the case of biological transformations. 
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Lime additions to soils, as pointed out by Coleman et 
al. (1958), may modify the solubility of a number of the 
trace elements leading to the alleviation of toxicities in 
some instances and to the production of deficiencies in 
others. 
5. Liming as a modifier of soil acidity environment 
Several authors including Coleman and Thomas (1967), 
Seatz and Peterson (1964), and Baird (1968) have described the 
general mechanisms of neutralization of soil acidity by lime­
stone application to an acid soil environment. The chemical 
reactions are rather complex, but can be illustrated as de­
scribed by Seatz and Peterson (1964): 
CaCOg reacts in water as follows; 
CaCOg + H^o + CO2 Ca(HC03)2 , 
Ca(HC03)2 Ca^* + 2HCO3 ' and 
H"*" + HCO3 - HgCOg Z H^O + COg . 
Magnesium supplied in dolomitic limestone would act similarly 
to Ca in the above reactions (Baird, 1968). 
Coleman and Thomas (1967) state that as long as suffi­
cient H"*" ions are in solution, Ca^* and HCOg ions will increase 
in number. In acid soils, the concentration of h"*" ions in 
solution is a function of the hydrolysis rate of Al, hydroxy-
A1 or hydroxy-Fe^*, whether these ions be adsorbed by clay or 
organic matter. As the neutralization reactions proceed, the 
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first ions lost from the soil probably are ions followed 
by monomeric Al. In general, few monomeric A1 ions exist in 
soils having a gH of 5,5 or more. The products of a completed 
liming reaction are represented by exchangeable Ca and Mg, 
Al(OH)g, and Fe(OH)g. According to Baird (1968), the addi­
tions of liming materials to an acid soil results in the ex­
changeable Al being replaced from the exchange sites by either 
Ca or Mg. Al is then precipitated as aluminum hydroxide, 
Al ( OH ) 3. 
The final equilibrium may be represented by the following 
illustration, as presented by McLean (1971); 
I soil IH + CaCOg soil 4=Ca + HgCOg 
(H2O + COg) 
According to McLean (1971), several events would be ex­
pected to occur as a result of lime application to acid soils ; 
(a) soil acidity neutralization, (b) increase in base satura­
tion (Ca, Mg) of the soil, (c) neutralization of toxic concen­
trations of Al, Mn, and possibly other substances (or other­
wise inactivated), (d) increase in pH-dependent cation 
exchange capacity (negative charges) adsorbing Ca^"*" and Mg^"*" from 
which they may be hydrolized (mobilized) for ready uptake or 
movement to lower depths in the profile, (e) curtailment of 
the acid weathering of primary and secondary minerals by the 
decreased concentration of , (f) decrease in pH-dependent 
anion exchange capacity (positive charge) forcing previously 
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adsorbed anions such as SO^  into solution, (g) increase in 
N-fixation and mineralization at the higher pH and base 
saturation, and (h) increase in electrolyte concentration with 
the dissolution of lime. 
Coleman et al, (1958) pointed out that when an acid soil 
is limed, many facets of the soil environment are changed. 
Responses of crops to lime generally have been attributed to 
changes in the soil environment with regard to: (a) solubility 
of toxic substances with A1 and Mn implicated most frequently, 
(b) availability of Ca and Mg, (c) availability of PO^  and K, 
(d) availability and solubility of trace elements, and 
(e) populations and activation of soil microorganisms. Tisdale 
and Nelson (1975) separate the above effects into two groups, 
describing as direct benefits those related to the reduction 
of the activity or solubility of A1 and Mn by the addition of 
lime to acid soils. As indirect benefits they mention P 
availability, Ca and Mg availability, and microorganism 
activity. 
Yuan (1970) stated that although the reduction of A1 
toxicity may well be the primary function of liming, especially 
in highly weathered acid soils, the increase in CEC by liming 
to a soil pH near neutrality would also be a means to improve 
the soil chemical condition. 
According to Hubbell (1971), liming, because of its ef­
fect in raising soil pH, will profoundly affect the quality 
and quantity of soil microbial populations and their 
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activities. It is clear that liming may have detrimental as 
well as beneficial effects on soil microorganisms and their 
metabolic processes with corresponding effects on soil proper­
ties and crop production. 
Most soil microorganisms exhibit growth or metabolic 
activity over a broad jSH range, but the majority of them have 
an optimum near neutrality (Hubbell, 1971). Raising the 
soil pH by liming enhances growth of bacteria and actinomy-
cetes and depresses fungal growth due to biological competi­
tion (Hubbell, 1971; Alexander, 1977). 
Hubbell (1971) states that changes in soil pH may influ­
ence crop growth, but there may also be effects on a segment 
of the soil flora which we have yet not considered, such as 
soil microorganisms capable of entering into pathogenic or 
symbiotic association with higher plants. Chapman, cited by 
Hubbell (1971), documented several plant diseases; the severity 
of which were either increased or decreased depending on the 
nature of the crop, the pathogen, and their interaction under 
different conditions of pH. 
Mahilum et al. (1970) mention many aspects that should be 
considered when liming highly weathered soils of the humid 
tropics, such as Qxisols. Soil colloids differ from those 
that are usually encountered in temperate zone soils, and 
weathering occurring under humid conditions has been so in­
tense and/or so prolonged that crystalline clay minerals have 
not accumulated. Much of the inorganic colloidal complex is 
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hydrated Al and Fe oxides which are frequently in poorly 
crystallized or amorphous forms. The inorganic colloids have 
relatively low permanent charge in relation to the extensive-
ness of their surfaces. Much of their charge is pH-dependent 
and at the pH commonly encountered, positive charge may exceed 
negative charge. The buffering capacity of such soils may be 
very high as high pH is approached. Leaching intensity ex­
ceeds that of most agricultural soils, and infiltration rates 
are often high. Thus, leaching is accelerated. These consi-
erations represent most of the differences or important char­
acteristic aspects related to the highly weathered soils, their 
general, acidic conditions for plant growth, and aspects re­
lated to the use of lime for correcting soil acidity problems 
in these soils. 
McLean (1971) analyzed available results on crop re­
sponses to lime on temperate and tropical soils and stated 
that some of the differences can be attributed to the crops 
themselves. Those species which developed under tropical 
conditions undoubtedly tolerate some of the adversities of 
the ionic environment of an acid soil more readily than do 
species adapted under temperate conditions (Fox and Plucknett 
and Foy et al., as cited by McLean, 1971j Mahilum et al., 
1970; Foy et al., 1955). By comparing the two conditions, 
most of the difference in lime response is explainable in the 
soil itself (McLean, 1971), 
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6. Soil pH for plant development in relation to soil and 
plant factors 
According to Foy (1964), at a given soil pH value, the 
cause of poor growth of plants on acid soils seems to vary 
with soil type and also with plant species or variety. Possi­
ble limiting factors have already been mentioned as limited 
availabilities of Ca, Mo, and P and toxicities of H, Al, Mn, 
and Fe. Geraldson (1957) reviewed some results obtained 
in Florida on the response of vegetable crops to lime. The 
response was quite variable depending on soil conditions and 
plant species. 
Jackson (1967) stated that when attempts are made to 
specify the reasons for altered behavior of plants when soils 
are subjected to changes in acidity, the large number of 
soil characteristics that simultaneously are altered must be 
taken into account. Furthermore, the sensitivity of plant 
species and varieties to such soil alterations is exceedingly 
diverse. It is also important to recognize that all effects 
may occur concurrently. The extent to which each is changed 
in relation to the others is a characteristic of the soil 
involved. 
The fact that a number of soil parameters change as the 
soil acidity is altered hinders our ability to determine with 
certainty the precise factor which is responsible for poor 
growth of a specific plant under acid conditions in a given 
soil (Jackson, 1967). 
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Soil acidity may affect growing plants in several ways, 
as pointed out by Adams and Pearson, cited by Pons (1976). 
The precise identification and separation of the several 
toxicity factors have been difficult, however, due to the 
interdependence of soil pH to Al, Mn, exchangeable bases, and 
nutrient availability. These factors can be associated or 
not depending on the circumstances. 
The solubility and availability of many important nutri­
ents to plants is closely related to the pH of the soils. 
According to Allaway (1957), it is this indirect effect of pH 
on the availability of plant nutrients that justifies the 
frequent use of pH measurements for diagnosis of soil probl-
lems and makes tables of so-called pH preferences of plants 
useful for many conditions. Measurements of soil pH give some 
valuable clues concerning the reasons for poor growth, but it 
is generally necessary to follow up these clues with addi­
tional tests before an accurate diagnosis of the trouble can 
be made. 
The optimum pH depends on the properties of the soil and, 
in fact, it is a "compromise" pH, and no pH is optimal for all 
conditions (deMooy et al., 1973). On organic soils, as men­
tioned by the author, containing more than 10% organic matter, 
soil pH of 5 to 5.2 may be satisfactory, particularly when an 
appreciable amount of Ca is available in proportion to the 
amount of active Al and Mn present. 
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According to Baird (1968), the most important benefit 
from liming acid soils is to reduce the exchangeable aluminum 
content, especially for soils with aluminum toxicity problems. 
The soil pH at which the exchangeable A1 is reduced to a safe 
level depends upon the chemical properties of the soil. In 
mineral soils at pH 5 there is a relatively large amount of 
exchangeable aluminum while at pH 5.6 or above there is only 
a small amount. In mineral soils when sufficient lime is 
added to neutralize the exchangeable Al, the soil reaction 
will be in the range of pH 5.6 to 5.8. On the other hand, in 
soils rich in organic matter, aluminum is held very tightly 
and the exchangeable Al and pH relationships are quite differ­
ent. Liming high organic soils to reduce the exchangeable 
Al to a safe level usually results in a soil reaction in the 
range of pH 4.7 to 5. 
Coleman et al. (1958) pointed out that a soil pH below 
5,5 reflects the presence of appreciable amounts of exchange­
able Al whereas a pH below 5 is indicative of large Al satura­
tion, but the actual quantity of exchangeable Al depends on 
the capacity of the soil, Kamprath and Foy (1971) also state 
that acid mineral soils, in general, at pH 5 and below, often 
contain appreciable amounts of Al and Mn in the soil solution 
which are detrimental to plant growth. The last authors also 
mentioned that optimum growth and efficient use of fertilizer 
nutrients in acid soils require the addition of lime to neu­
tralize the toxic concentrations of Al and Mn. 
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As discussed previously, it is known that the activity 
of aluminum in soil solution changes as a function of soil pH. 
This information is in accord with indications presented by 
McLean (1976), which show quite low solubility of A1 in 
water solution at pH from about 4,7 to pH 7,5. This is 
the pH range where A1 is precipitated and remains so as the 
relative insoluble A1(OH)^ , 
According to Pearson (1975), the relationship between 
soil pH and A1 saturation is consistent with observations re­
ported from various tropical areas of the world. The author 
mentions data from Oxisols of West Africa in which exchange­
able A1 reached very low levels at pH 5,2. Similarly, data 
from Hawaiian Oxisols showed that the extractable A1 reached 
minimal levels at pH 5,5 to 6,0. 
McLean (1976) states that soil exchangeable A1 may be 
practically eliminated when soil pH is increased to a value 
as low as 5,5. These limits are close to the values already 
shown and agree with data presented by Pearson (1975) working 
with Oxisols and Ultisols from Puerto Rico. Other reports as 
presented by Kamprath and Foy (1971) and Wilson et al, (1975) 
suggest a range of pH values for Ultisols and Oxisols varying 
from 5.3 to 5.7, respectively, reducing aluminum saturation 
values to less then 10%. 
Plant species differ in their tolerance to both A1 and 
Mn. Undoubtedly this accounts, to some extent, for the re­
sponses of different species to soil reaction (Coleman et al,, 
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1958). These authors present extensive experimental evidence 
showing the importance of the plant factor characterizing dis­
tinct responses to lime related to the species considered. 
According to Pearson (1975), many of the apparent inconsis­
tencies in results from liming experiments have simply re­
flected genetic differences in acid-soil tolerance among the 
plant tests utilized. 
According to several authors mentioned by Pearson (1975) 
and Jackson (1967), there are wide differences in tolerance 
to soil acidity conditions among various crop species, and it 
is now recognized that about as much difference occurs among 
varieties of the same species. The mechanisms responsible 
for the different responses within the plant factor seldom 
are clear (Jackson, 1967). 
Kamprath and Foy (1971) have mentioned several authors 
establishing classifications for the higher plants according 
to their tolerance to acid soil conditions. In many cases, 
acid soil tolerance may involve tolerance to excess A1 and/or 
Mn in relation to plant requirements and/or feeding power for 
essential nutrients, particularly Ca and P. In addition, 
acid-soil tolerance of certain legumes may be related to the 
abilities of their Rhizobium to tolerate various factors in 
the acid soil complex. Small grain crops, on the other hand, 
have been found to be generally tolerant to a high concentra­
tion of soluble A1 (Schlehuber and Tucker, 1967). 
According to Pearson (1975) many tropical crops have 
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evolved in an acid soil environment and, consequently, some 
crops prefer such a condition. No tropical plants of agricul­
tural significance, however, are immune to all factors of acid 
soil infertility. Lime, at least in modest amounts, has been 
recognized as one of the first requirements for effective use 
of the soils of most humid tropical areas. 
Several authors have discussed or presented experimental 
evidence for a broad range of conditions in which they related 
aluminum activity in the soil to plant development and, in 
some cases, discussed other factors involved as a function of 
soil pH. 
Gonzalez et al. (1978), for example, analyzed the residual 
effects of lime in a clayey dark red latosol and verified a 
significant soybean yield increase when lime reduced A1 satura­
tion to 10%, Maximum yields were obtained, however, when A1 
saturation was reduced to less than 10%. 
According to Kamprath (1973), crop responses to liming 
the highly weathered Oxisols and Ultisols of the humid tropics 
can, in most instances, be related to neutralization of 
exchangeable A1 and supply of calcium and magnesium. In most 
instances, if the soil pH is 5.5 or above, little response to 
liming is expected to be obtained. For some conditions, 
liming to pH around 6 may result in additional yield of 
legumes due to increased availability of Mo. 
Moschler et al. (i960) analyzed the response of alfalfa 
to several lime rates applied to a red-yellow podzoiic soil 
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and observed a close correlation between the decrease of ex­
changeable A1 in the soil and increased alfalfa yields. Im­
proved color of alfalfa on limed plots also indicated that 
better N metabolism was obtained on the more heavily limed 
soils. 
McLean (1971) analyzed data from several experiments show­
ing crop responses to lime on highly weathered soils of the 
tropics. He considered soil chemical changes affecting crop 
responses to lime on these soils as being generally related 
to toxic levels of soluble A1 (and Mn), and he concluded that 
the response to lime seemed to be primarily a consequence of 
inactivation of these substances in these soils. 
Abruna et al. (1970) analyzed the crop responses to soil 
acidity factors in Ultisols and Oxisols of Puerto Rico and 
verified that yields of tobacco on three Ultisols increased 
with liming up to about pH 5. Maximum yield was generally 
reached as the exchangeable A1 approached zero Values and 
at base saturation values of around 60%. A1 toxicity appeared 
to be the chief cause of restricted growth but Ca deficiency 
was a possible contributing factor. For the same type of 
soils and region, a range of soil pH values between 5 and 5,5 
has been determined to satisfy the needs of corn and green 
beans with regards to Ca requirements and correction of A1 
and Mn toxicities (Abruna et al., 1975), 
McLean (1971) stated that in contrast to tropical condi­
tions much research has shown that yields of most temperate 
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region crops, though responding markedly to elimination of 
toxic levels of A1 or Mn at lower pH, continue to increase 
with lime increments greater than that required to inactivate 
toxic substances. According to Kamprath (1973), there are 
numerous reports in the literature indicating large increases 
in soybean yields when acid soils are limed. The beneficial 
effects of lime in increasing soybean yields on soils with an 
initial pH of 5,5 may be due to increased availability of Mo 
as pH is raised. Soil Mo in Oxisols is probably fixed by 
hydrated iron oxides and becomes more available as soil pH is 
increased. 
According to Yuan (1970), the reduction of A1 toxicity 
may well be the primary function of liming, but the increase 
in CEC by liming to a soil pH near neutrality would also be a 
means to improve the soil chemical conditions. Therefore, 
according to the author, it would seem most desirable to use 
lime to neutralize both the active and potential portions of 
acidity rather than to neutralize only the exchangeable Al. 
Soil pH "scales" have been determined for different crop 
conditions. Woodruff (1967) analyzed the differences in crop 
responses to liming acid soils and mentioned permissible ranges 
of soil pH for various crops on mineral soils of Michigan. 
Soil pH between 6 and 7 and 5.5 to 7 was considered an optimum 
range values for soybeans and wheat, respectivelyo 
Experimental results analyzed by Geraldson (1957) indi­
cated that a pH of 5.5 to 6 would be desirable for most crops 
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on sandy Florida soils. The author mentioned, however, that 
good yields and quality of vegetable crops were obtained with 
soil pH ranging from 6 to 8 in many USA states and also for 
other areas of Florida. Other experimental results, as men­
tioned by Fisher (1969), have shown slight to nonexistent 
yield increases at soil pH values above 5.5 for several crops 
at several locations in Missouri. 
Blue (1974) discussed aspects related to the management 
of Ultisols and Oxisols and stated that. 
It seems certain that sufficient lime to reduce ex­
changeable A1 to 15 percent saturation of the effective 
CEC (pH of approximately 5.5) will satisfy pH and Ca 
requirements for most tropical crops including legumes 
on highly weathered tropical soils. 
Another aspect of the problem was brought out by Blue (1974). 
It is related to the efficiency of phosphorus on these gen­
erally low-available-P soils. The author mentioned a pH 
range from 5 to 6 for optimum availability of P for most soil 
conditions. This coincides with the pH at which exchangeable 
A1 is reduced to nontoxic levels, thereby permitting greater 
root proliferation and nutrient uptake. 
Kamprath (1971) analyzed some of what he called potential 
detrimental effects from liming highly weathered soils to 
neutrality. The author concluded that, generally, liming 
soils which have a pH of 5 or less and contain appreciable 
amounts of A1 and Fe may cause Mn deficiencies when the soil 
pH is raised above 6.2. According to Pearson (1975), Mn uptake 
depends upon the activity of divalent Mn in the soil solution. 
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which is dependent upon the presence of easily reducible Mn 
in the soil. He analyzed experimental evidence presented or 
discussed by several authors, and he mentioned that Ultisols 
seldom present a Mn problem whereas the Oxisols frequently do, 
Kamprath (1971) stated that liming rates for Ultisols 
and Oxisols should be based on neutralization of exchangeable 
A1 and, in some instances, reduction of soluble Mn, rather 
than bringing the pH to neutrality. This would lessen the 
possibility of any detrimental effects of liming on nutrient 
availability. 
According to Tisdale and Nelson (1975), many authors have 
proposed that liming of the Oxisols and Ultisols in the warm 
humid southern USA to pH values greater than 6 or 6,2 may not 
only be unnecessary but harmful. It is the opinion of these 
authors, and other scientists as well, that lime sufficient 
to neutralize the exchangeable A1 is all that is needed for 
the red and yellow soils of the humid, warm areas of the USA, 
Liming of most of the soils that are high in the hydrous 
oxides of A1 and Fe to sufficiently neutralize most of the 
exchangeable A1 will bring the pH to about 5,6 to 5,7 and the 
exchangeable A1 to less than 10% of the effective CEC, 
McLean (1971) states that it is now evident why liming 
to near neutrality generally is not necessary in tropical 
soils. In fact, there are good reasons to believe that yield 
of crops may be depressed by so doing. In such cases, only 
the amount required to inactivate toxic substances and supply 
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essential Ca (and Mg) appear to be needed. Plants differ, 
however, in their tolerances to the toxic substances, and 
soils differ for the element most toxic and for the level at 
which toxicity is eliminated. 
McClean (1971) suggested that, for the time being, test­
ing the soils by a lime requirement test and then adjusting 
the pH to an adequate range may be more satisfactory over all 
than identifying the toxic substance, determining the level 
at which it must be inactivated for optimum plant growth, and 
then liming accordingly. 
According to McLean (l97l), it seems evident that dif­
ferences in pH for optimum growth not only exist for different 
plants but also may occur for a given plant from one soil con­
dition to another. The author analyzed experimental results 
showing lime-induced trace element deficiency and lime-induced 
soil structure deterioration and suggested that an optimum pH 
range for most plants decreases in the acid soil continuum 
from the Mollisols (pH 6.2 to 6.8) through the Oxisols (pH 
5 to 5.5). Soil pH around 5.5 may be an adequate pH level for 
optimum plant growth under highly weathered conditions, but 
it is considerably less than adequate under less weathered 
conditions. 
Tisdale and Nelson (1975) stated that plants differ 
widely in their response to added lime. In considering the 
liming program for a given soil, the type of crop to be grown 
ranks first in importance. On Oxisols and Ultisols, crops 
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such as corn and wheat would generally grow well at pH values 
from 5.5 to 5.8, On Mollisols and similar soils that are not 
as highly weathered as the Oxisols and Ultisols, best growth 
might be obtained in the pH range from 6 to 6.4. 
Adams and Pearson (1967) pointed out that lime rate has 
been recommended for most crops in the southern United States 
and Puerto Rico to adjust the soil pH between 5 and 6.5. 
Partial success in defining critical pH values is attested to 
by the fact that all state soil testing laboratories of the 
region use soil pH as the principal soil factor that deter­
mines whether or not a soil should be limed. However, a 
single pH value is not used for all crops or for all soils. 
Younge and Plucknett (1964b) discussed proper lime rates 
for crops sensitive to changes in soil reaction and reported 
experimental results in which 98% of the yield potential 
for both corn grain and stover occurs in the pH range of 
5.8 to 6 o 4. 
Pearson (1975) presented a detailed discussion on response 
of different crops to lime for several soil and climatic con­
ditions. He attempted to rationalize the liming results for 
soybeans and mentioned that three factors should be borne in 
mind. First, the soybeans as a species is known to be rela­
tively tolerant to A1 even though considerable varietal di­
versity exists in this characteristic. Secondly, soybeans 
are relatively sensitive to Mn toxicity and the Mn level in 
tropical soils is extremely variable. And thirdly. Mo avail­
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ability, an important factor in soybean production, interacts 
strongly with soil pH, Thus, according to Pearson (1975), 
this crop would be expected to respond weakly to liming in an 
acid soil unless Mn toxicity or Mo deficiency were factors of 
significance in the particular soil, and few experiments have 
recorded information that permits evaluation of these points. 
Other authors have tried to establish an optimum pH range 
for soybeans. deMooy et al. (1973) discussed aspects related 
to optimum soil pH for soybeans and mentioned optimum soil pH 
values between 6.5 to 7 for some conditions. Other authors 
mentioned by the author have postulated that an optimum soil 
pH for a corn-soybean cropping sequence is in the range of 
pH 5.8 to 6.2. Pesek, cited by deMooy et al. (1973), calcu­
lated an optimum pH of 6.2 for soybeans from multiple regres­
sion equations involving yield and soil pH observations from 
several locations. These estimates, as mentioned by the 
author, may hold for mineral soils under general conditions. 
Analysis of experimental data from a series of field ex­
periments conducted on Ultisols and Oxisols from several parts 
of the world have indicated that lime rates which tend to 
bring the soil pH to near neutrality often depress yields 
(Kamprath, 1971). The author concluded that lime rates which 
neutralize the soil exchangeable aluminum give an increase in 
plant growth, but liming acid Ultisols and Oxisols to approxi­
mately pH 7 results in a nutrient disorder which drastically 
reduces crop growth. 
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Kamprath (1971) analyzed many experimental results relat­
ing lime and P availability and concluded that rates of lime 
which neutralize exchangeable A1 result in more efficient up­
take of P from Ultisols and Oxisols. Lime rates which raise 
the pH to approximately 7, however, will probably cause a 
marked decrease in P availability, particularly where P is 
adsorbed very strongly. The author also indicated that liming 
of those soils containing hydroxy-Al and hydroxy-Fe coated 
clays to pH 7 and above greatly increases the adsorption of B 
and thereby reduces its availability. Manganese availability 
is also affected in such a way that lime-induced Mn deficien­
cies generally occur when low Mn soils with pH 5 or less are 
limed above pH 6.2. The author also concluded that liming 
of soils with a low native supply of Zn to pH 7 will reduce 
the availability of Zn and very likely induce Zn deficiencies, 
particularly under intensive cropping. 
According to Pearson (1975), many reports dealing with 
liming in the tropics emphasize the hazard of overliming that 
accompanies attempts to adapt temperate region liming prac­
tices to the tropics. Yet efforts have seldom been made to 
identify the specific causes of such effects, and the negative 
response to lime has been described as a consequence of over-
liming and/or related to micronutrient deficiencies in most 
cases. Other reports, as presented by Younge and Plucknett 
(l964b), have shown drastic yield reductions on acid soils of 
Hawaii if lime were applied beyond soil pH 6.4, indicating 
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severe penalties for overliming soils. Underliming, e.g., 
lime for pH less than 5.8, was also a cause for very signifi­
cant yield reductions. 
In some other cases, the cause of the overliming damage 
has not been identified. Fisher (1969) working on soils of 
Missouri has observed a slight yield reduction of wheat as 
soil pH was increased to near 7, but he did not discuss the 
probable cause of the yield reduction. 
Fox and Plucknett, among other authors cited by Pearson 
(1975), have stressed (or verified) the danger of overliming 
some soil types from the standpoint of both depressed P uptake 
and possible Zn deficiency in some crops. 
Baird (1968) stressed that the application of excessive 
limestone may encourage disease problems and create micro-
nutrient deficiencies. These factors can be just as harmful 
to crop yields as inadequate lime. 
According to Blue (1974), the best approach to micro-
nutrient nutrition in the highly weathered Oxisols and Ulti-
sols probably is to proceed with liming and fertilization 
within the economic framework of the production system. 
Deficiencies can be corrected by fertilization as they are 
identified by research and monitoring. Newman (1971) states 
that the adjustment of soil reaction to the proper level is 
important for good soil management. This must be done if 
maximum production and profits from the use of fertilizers 
are to be obtained. 
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B. Liming Acid Soils: Rate of Reaction and Efficiency 
Over Time 
There are many types of lime materials actually utilized 
for purposes of correcting soil acidity problems. All of 
them act in the same way, in general, with respect to the 
neutralization of soil acidity. The main concern will be for 
the calcitic or dolomitic types of limestones which are the 
most commonly used types of material around the world, and 
limestone will be referred to as CaCO^  for simplicity reasons. 
According to Seatz and Peterson (1964), either calcitic 
or dolomitic limestones are sparingly soluble in pure water 
but do become soluble in water containing COg. The greater 
the partial pressure of COg in the system, the more soluble 
the limestone becomes. The chemical reactions of limestone 
with acid soil environment were presented previously. 
Volk (1957) states that the reactivity of lime depends 
on five factors; (a) the initial pH of the soil, (b) the 
degree of stirring or disturbance of the soil during the 
reaction period, (c) the fineness of the liming material, 
(d) the relative reactivity of the material as determined by 
composition and purity, and (e) the presence of strong anions 
such as nitrate, sulfate, and chloride necessary to distribute 
and equalize acidity in the vicinity of the lime particle. 
Limestone particles react with soil particles and the 
soil solution in its immediate vicinity. After the initial 
reaction, the solution immediately surrounding the particle 
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will be saturated with respect to the reactants. In order 
for the reaction to continue, the reactants must diffuse away 
from the site of the reaction. An example is provided by 
Volk (1959) on the importance of soil acidity distribution 
through the soil profile on the dispersion of the reaction 
products of limestone with the soil. In this case the basic 
lime in the form of bicarbonate would not penetrate readily 
to the subsoil if the surface soil acidity were equivalent 
to pH 5.8 or lower but it would react with the surface soil. 
Seatz and Peterson (1964) pointed out that several 
environmental factors also affect the rate of limestone reac­
tion. Moisture must be present before the solubility reaction 
can occur. The greater the moiscure content, the lower the 
soil aeration which would tend to result in an increase in the 
concentration of CO2 in the soil air speeding the limestone 
reaction rate. It has been shown, as pointed out by Shaw 
(1960), that the limestone-soil reaction is speeded up by in­
creasing the moisture level from 50 to 100% saturation. Be­
cause the reaction is an equilibrium reaction, the accumula­
tion of the end products would reduce reaction rate over time. 
Soil temperature has been determined to be an important 
factor on the reaction rate of limestone, affecting the rate 
of dissolution of the material (Seatz and Peterson, 1964; 
Shaw, 1960). Also, the amount of exchange acidity present in 
the soil affects the reaction rate. As the acidity becomes 
neutralized, the rate of reaction decreases and will tend to 
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become almost negligible as neutralization is approached 
(Seatz and Peterson, 1964). 
According to Coleman and Thomas (1967), the reaction 
rate of limestone is greatly affected by fineness of grinding, 
uniformity of mixing with the soil, and adequacy of water, in 
addition to the effect of CO^  and intermediate hydrolysis 
compounds. The degree of fineness of the limestone is impor­
tant because the reaction rate of the material is dependent 
upon the contact of limestone particles with soil material 
(Baird, 1968), 
White and Gardner, cited by Newman (1971), screened lime­
stone into grades and tested its effect in correcting soil 
acidity. Material passing a lOO-mesh screen produced an alka­
line reaction the first year, but slight soil acidity reap­
peared by the end of the third year. Liming material passing 
a 60- and 20-mesh screen did not produce an alkaline reaction 
until the second and the end of the third year, respectively. 
Soil to which an 8-mesh material was applied still showed a 
lime requirement of 3000 pounds per acre at the end of three 
years. 
Other experimental evidence on the importance of the 
particle size of the lime material as an agent for modifying 
soil acidity conditions is referred to by Bhaumik and Donahue 
(1964). A lOO-mesh limestone was enough to alter soil pH from 
5.1 to 6.5 during a two-week period. Six months later, soil 
pH had risen to 6.8, but decreased to 6.4 three years after 
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cultivation. On the other hand, limestone that passed through 
a 20- to 30-mesh screen took 18 months to increase soil pH 
from 5.1 to 5.6 and soil pH decreased to 5.4 three years after 
cultivation. 
According to Meyer and Volk (1952), the chemical composi­
tion of any liming material determines its total neutralizing 
power and hence its capacity to neutralize soil acidity. The 
degree of fineness of the material determines the rate of 
solution in an acid soil. Thus, the degree of fineness largely 
determines the efficiency of a given liming material in cor­
recting soil acidity. Additional information concerning the 
subject has been presented by Meyer and Volk (1952), Shaw 
(1960), and Lawton and Kurtz (1957). 
Shaw (i960) states that climatic conditions, type of soil, 
and cropping system may play an important part in deciding on 
the minimum fineness requirement for limestones. It is, 
therefore, important to determine experimentally the rate of 
reaction of different sized particles of limestone under 
particular conditions. 
There are many experimental results evaluating and 
explaining, for the most diverse soil-plant condition and 
relationships, the general efficiency of lime applied to acid 
soils through time. The efficiency of lime has varied accord­
ing to complex soil, plant, and environmental conditions. 
Among the factors mentioned are the soil reacidification 
process which is intensified by fertilizer use, the removal of 
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soil bases by crops, loss of bases by leaching, and the cli­
mate itself (Lawton and Kurtz, 1957j Lathwell, 1979j Gardner 
and Garner, 1953; Pearson, 1975; Abruna et al., 1975; Tisdale 
and Nelson, 1975), 
Kamprath (1972) pointed out some factors that should be 
considered when studying how frequently lime should be applied 
to soils of the humid tropics. Among them, rainfall, évapo­
transpiration, occurrence and intensity of a dry season, 
cation exchange characteristics of the soils, and water ad­
sorption and movement characteristics within the soil will 
influence how fast Ca and Mg are leached from soils. 
Lathwell (1979) pointed out some experimental results 
found by Wade working on Ultisols from which some decrease in 
soil pH and an increase in exchangeable A1 were observed only 
a few months after lime applications. Exchangeable Ca and Mg 
changed little over the course of the experiment, indicating 
that leaching of soil bases was not a significant factor in 
increasing soil acidity. According to Lathwell (1979), as 
the exchangeable A1 is neutralized by liming, additional ex­
changeable A1 is generated by weathering of Al-bearing minerals 
or by decomposition of organic matter in many of the Ultisols. 
This would probably explain some short-term liming effects and 
the poor residual effect of lime applied to some acid soils. 
Johnston et al. (1949) analyzed the length of time during 
which lime acts. The authors concluded that length of time 
will depend upon the quantity of lime added to the soil, the 
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kind of cropping, the nature of the soil itself, the natural 
moisture content of the land, and the climate. 
Schollenberg and Salter, as cited by Volk (1951), have 
published an evaluation chart for ground limestone showing how 
much of the applied lime would be used by the soil in a given 
period of time. Assuming the addition of a reasonable dolo-
mitic limestone application to a silt loam acid soil, less 
than 70% would be "utilized" to reduce soil acidity one year 
later. In four years, the total amount would be effectively 
reduced to 20%, or 80% utilized, and 16 years later an amount 
equivalent to 15% would remain. 
Volk and Bell, cited by Volk (1951), showed, however, 
that about one-third of a high calcitic limestone was "used" 
by soil acidity in the first year after incorporation in three 
highly acid flatwood soils and this was one-half of that to 
be expected from Schollenberg's and Salter's evaluation chart 
for ground limestones. 
It is important to know or to have a general idea how a 
reaction of a limestone applied to an acid soils would progress 
in relation to time. The factors mentioned previously should 
be considered, but in general, an average condition can be 
specified as verified by Moschler (i960). The rate of reac­
tion of a dolomitic limestone which was 95% smaller than 10-
mesh and 50% smaller than 100-mesh was verified for nine soil 
types in Virginia and was essentially completed after two years. 
Soil pH declined in a sandy loam soil after the fourth year. 
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Research reports on the residual effect of limestone 
applications to acid soils have presented considerable varia­
bility. The differences observed on the efficiency of lime 
through time seem to be associated with local conditions as a 
result of the complex interrelationships of the soil, plant, 
and environmental conditions. 
Pearson (1975), Lathwell (1979), Gonzalez et al. (1978), 
and Freitas and Van Raij (1975) have pointed out that the 
effect of liming acid soils is usually expected to last for 
several years. It is expected also that this effect will be 
shorter in the tropical regions than in the temperate regions 
because of the more intense climatic conditions of high rain­
fall and high temperature. In the humid tropical areas, leach­
ing of basic cations becomes important because it not only re­
duces the residual effect of lime but also may affect the 
depth below the zone of lime incorporation. 
Johnston et al. (1949), for example, reports that 20 
years is the longest period for which doses of lime acted 
beneficially upon the crops in south Scotland. On the other 
hand, in other parts of England, renewed applications were 
considered necessary at much shorter intervals. 
Lathwell (1979) analyzed the six-year response of several 
crops to lime on a typic Haplustox from the Brazilian north-
central region. The response to lime continued throughout the 
six crop years with no evidence that lower lime application 
rates were becoming less effective than higher rates (0-1-2-4-8 
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tons/ha). Even at the lowest lime rates, the residual effects 
remained significant throughout the course of the experiment. 
Similar reports were obtained by Neme and Lovadini, cited by 
Pearson (1975), for the same type of soils and region and 
showed that the effect of liming to pH 5,5 did not diminish 
during a period of six years. 
Hutcheson and Freeman (1965) analyzed the longevity of 
soil reaction following lime applications on field plots es­
tablished in Kentucky. For that soil and environmental condi­
tion, little effect below 8 inches in the profile was observed 
as indicated by soil pH and exchangeable acidity, Al, Ca, and 
Mg. 
According to Pearson (1975), it seems that soil pH changes 
induced by liming tend to be more transient in tropical soils 
than in soils of temperate regions. Most of the differences 
and, in some cases, apparent contradictory results are due to 
local circumstances. Brauner and Catani, cited by the author, 
measured changes of soil pH and exchangeable Al with time after 
liming and incubation of 11 soils from various parts of Brazil, 
and they found that both pH and exchangeable Al tended to re­
turn to their initial levels much more rapidly in the Oxisols 
than in the red-yellow podzolic soils, 
Mahilum et al. (1970) measured the effect of liming 
amorphous soils of Hawaii over a period of 7.5 years. The 
residual effect of lime depended on the amount applied and the 
effects of 5 tons of lime were scarcely detectable seven years 
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after application. Massive lime applications of 9.5 to 17 
tons/acre greatly modified soil pH and the Ca status through­
out the profile as verified by soil samples taken five years 
after liming. Even two tons of lime apparently increased soil 
pH below one foot in the soil profile. According to the 
authors, it was apparent from these data that Ca may leach 
readily in allophane-rich clays. 
Ponnamperuma (i960) presented experimental data for lime 
responses on a strongly acid lateritic soil of Ceylon and 
observed a decline in soil pH from 7.6 to 5.3 and 6.5 to 5.0 
after 18 months for 6- and 3-ton lime applications, respective­
ly. The decline in soil pH was attributed partially to loss 
of Ca by leaching and to diffusion and mass movement of Ca 
from the limed to the adjoining unlimed plots which were not 
separated by ridges. 
Brams, cited by Pearson (1975), also noted that soil pH 
in two field experiments on West African Oxisols tended to 
decline rather quickly after liming. Soil pH decreased from 
5.4 to 4.5 one year after lime application. 
Abruna, also cited by Pearson (1975), worked with acid 
soils in Puerto Rico. Although lime was applied to an Oxisol 
and Ultisol, soil pH dropped from around 5.5 to 4.6 after 18 
months for the Oxisol and held constant for the Ultisol. Ap­
plication of an additional rate calculated to raise pH to 
about 6 resulted in a pH of only 5.5 in the Oxisol. During 
the following four years, pH fell to 4.7 in the same period 
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that the soil pH of the Ultisol dropped from 6,3 to 5,1, 
Gardner and Garner (1953) analyzed the effect of fertil­
izers on the efficiency of lime applied to correct soil 
acidity problems. Among the fertilizers studied in field 
experiments, ammonitim sulfate gave the most pronounced ef­
fects through its action on the composition of drainage water 
and this caused increased soil acidity. 
According to Pearson (1975), the residual effect of lime 
application to acid soils is about what could be predicted 
on the basis of soil texture and structure, rainfall, and 
particularly the rate of N fertilization. The latter point 
is important because every pound of N applied as 
has been demonstrated to require nearly 6 pounds of CaCOg to 
maintain an unchanged pH in the soil. Thus, an application of 
one ton of limestone per acre would have no residual value 
after one year if 360 lbs of N per acre were applied as 
Abruna et al, (1975) pointed out that the relatively high 
soil acidity in much of the humid areas of Puerto Rico has 
been intensified by fertilizer applications. The author men­
tioned experimental evidences shown by Pearson in which an 
annual application equivalent to 900 kg N/ha to grass pasture 
could reduce soil pH more than a pH unit in well-buffered soils 
in only two years. In general, however, we expect these values 
to be modified according to local soil and climate inter­
actions. 
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Gardner and Garner (1953) analyzed the removal of Ca and 
Mg in crops and pointed out that the presence of a crop on 
the land works in two directions so far as the loss of lime is 
concerned. The crop remo"'"es Ca and Mg but it also removes 
water to such an extent as to reduce percolation through the 
soil. For this reason, less lime may be lost in the drainage 
water from a cropped soil than from a bare soil, and this 
action may result in less total losses in some areas, particu­
larly if the crop itself has a small Ca and Mg requirement. 
Lawton and Kurtz (1957) have mentioned, however, that Ca 
and Mg are removed in crops in large amounts and this contrib­
utes to the gradual development of acidity which is a normal 
soil process in humid areas. Data obtained by Stauffer, cited 
by the authors, from lysimeter studies in Illinois, showed 
that a 40-bu crop of wheat removed the equivalent to one and 
two lb of Ca and Mg, respectively, and a 30-bu soybean crop 
removed four lb Ca and six lb Mg. Annual losses of Ca and 
Mg by leaching were also reported by Lawton and Kurtz (1957), 
in which 20 to 200 lb Ca and 10 to 100 lb Mg were lost on a 
per acre-year basis. The authors concluded that the losses 
of Ca and Mg vary with climate, soil permeability, soil 
acidity, and cropping practices. 
According to Corrie (1926) lime is removed from the soil 
by crops grown thereon, but the percentages found in an aver­
age crop are so small that this loss from the soil is not very 
marked. On the other hand, the loss of lime by actual drain­
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age from the soil is very considerable and may amount yearly 
to several hundreds of pounds of lime per acre. Water perco­
lating through the soil becomes charged with COg and it is 
capable of dissolving lime from the soil. Such losses occur 
to a larger extent in the lighter soils. 
Grant (1970) worked in Rhodesia and verified that losses 
of lime by leaching were a function of the quantity applied 
and may depend on local soil conditions. In general, the 
losses in the field increased with increasing lime applica­
tions. Roughly one-third of the lime applied was lost by 
leaching, but the proportion varied from as much as two-
thirds from a sandy loam to as little as 10% from an acid 
clay loam 15 months after liming. 
According to Bhaumik and Donahue (1964), the actual 
losses of lime by percolation, although mentioned by many 
authors, have been measured in only a few places in the world. 
The authors refer to data obtained by Lyon and Bizzel in 
which determinations of losses of bases from lysimeters on a 
fallow silt loam soil showed losses of bases equivalent to 
967 lb CaCOg per acre per year over a 15-year period. When 
the area was cropped, the losses were reduced and averaged 
731 lbs CaCOg equivalent per acre per year. In this experi­
ment, the annual precipitation was equivalent to 33 inches 
and was normally distributed throughout the year. 
Russell (1973) referred to experimental data obtained on 
an acid sandy soil of Shropshire, England, Several rates of 
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lime were applied to the soil, and the losses were evaluated 
up to five years. Amounts equivalent to 380 to 1000 kg CaCO^  
per hectare were reported as lost by leaching from plots re­
ceiving 3.1 and 12.5 tons CaCOg per hectare. 
Younge and Plucknett (1964a) also pointed out that cal­
cium is continually being removed from the soil by growing 
plants, leaching, and erosion. They estimated the annual re­
moval of lime to be equivalent to 75 to 150 pounds of CaCOg 
per acre. Soil leaching in areas of adequate rainfall would 
remove another 500 to 1000 pounds of lime. It is apparent 
that supplying lime to the soil is a continuing problem in 
agriculture. 
Gardner and Garner (1953) mentioned that it is clear 
that the rate of loss of lime is not constant for all condi­
tions. Loss depends on the original and modified soil proper­
ties, the quantity of lime applied, the type of cropping 
followed, rainfall, and percolation. 
According to Kamprath (1972), the frequency of liming 
will depend upon how quickly calcium and other basic cations 
are removed by leaching and how soon exchangeable A1 reappears 
on the exchange sites. Long-term field studies are needed 
to answer these questions. 
According to Lathwell (1979), the factors that influence 
leaching of Ca and Mg in the profile need to be characterized 
and incorporated into the liming requirements before liming 
programs can be completely described. 
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Tisdale and Nelson (l975) concluded that the frequency 
of lime applications generally depends on some soil proper­
ties, nitrogen fertilization, crop and soil management systems, 
and other factors. The frequency of lime applications varies 
according to local conditions because of the differences in 
rainfall and temperature equilibrium. Local research is 
needed to describe local conditions and to quantify the lime 
requirement for these conditions if lime use is to be a sound 
agronomic practice based on technical and economical grounds. 
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III. MATERIALS AND METHODS 
This research program has been conducted since 1971 by 
the soil fertility researchers working at the earlier Passo 
Fundo Experiment Station - IPEAS, and actually representing 
the National Wheat Research Center, EMBRAPA, ministry of 
Agriculture, Brazil. 
The main project started as a part of the UNDP-FAO/ 
Ministry of Agriculture - Brazil Agreement (Project BRA 59/535) 
under the initial coordination of Dr. J. A. Martini, FAO soil 
science expert. The other researchers that have participated 
in this program are mentioned in Appendix B. 
A. Experimental Program and General Procedures 
This research project has been developed to characterize 
lime responses on the main soybean and wheat producing areas 
and representative soil types of the Rio Grande do Sul Plateau 
physiographic region. 
Experimental research data have been collected from two 
field experimental programs. The main program has involved 
field experiments located at Passo Fundo (PF), Julio de 
Castilhos (JC), Cruz Alta (CA), Lagoa Vermelha (LV), Vacaria 
(VC), and Chiapetta (CH). The original experimental procedure 
is represented by ten treatments to test simple and cumulative 
residual effects of lime rates. For the purpose of this study 
only the lime rates applied to evaluate the simple residual 
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effect of an initial application were selected and are repre­
sented by the following lime treatments: 0, 3.1, 6.2, 12.4, 
and 24.8 tons/ha, expressed as "effective" quantities cor­
rected for total neutralization value and particle size dis­
tribution of the limestone material used. Lime was applied 
broadcast in the April-May period and was incorporated to an 
approximate depth of 15 to 20 cm by rotary plow equipment 
with a small tractor. 
A second field experiment program was conducted at the 
Coxilha (CX) location and involved only testing of the simple 
residual effect of liming. The following lime rates were 
applied at the beginning period of this experiment : 0, 3, 6, 
9, 12, 15, 18, 21, and 24 tons/ha, expressed also as "effec­
tive" quantities corrected for total neutralization values 
and particle size distribution of the limestone material used. 
The initial crop in this experiment was soybeans, whereas 
wheat was the initial crop for the other six field experi­
ments. Lime application for this experiment was done simi­
larly as for the other field experiments, but the incorpora­
tion of lime was done in November-December just before the 
first soybean planting time. The location of the several 
field experiments is shown in Figure 1. 
The limestone material utilized for all field experi­
ments had similar characteristics and was a dolomitic type of 
material with a high relative capacity of total neutralization 
value ("PRNT") near 89%, meaning a very finely ground 
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EXPERIMENTAL AREAS 
î y 
Figure 1. Location of the several field experiments on the 
Rio Grande do Sul plateau 
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material if compared with values between 70-80% for the high 
quality material normally supplied at field level. 
The experimental areas were selected to represent major 
production regions and important soil mapping units. All of 
the experiments were located in fields which did not have a 
record of receiving any past limestone application and which 
represented broad natural soil acidity conditions. 
Table 1 presents some selected chemical and physical 
soil properties which represent the initial soil acidity con­
ditions for the several experimental locations. 
All the soil mapping units in this study are classified 
as Oxisols (Udox) as shown in Table 1. These soils have 
distinct textural characteristics and were grouped into three 
textural classes for technical and simplicity purposes. 
The original soil pH varied from 4.5 to 5.2, and no 
special soil pH variation was observed in relation to soil 
depth in the 0-48 cm soil profile studied. 
Soil exchangeable A1 in the 0-12 cm surface layer varied 
from 0.6 to 3 meq/lOO g and increasing values were observed 
in relation to soil depth, as expected, considering the type 
of soil involved (Oxisol). Exchangeable soil aluminum forms 
in the surface 0-12 cm layer, expressed as percent saturation 
of soil CEC, varied from 5,6 to 41.7%. The soil lime require­
ment for these soils, as evaluated by the quantity of lime re­
quired to bring soil pH to approximately 6, varied from 6 to 
10,6 tons/ha, reflecting a broad range of soil acidity factors 
Table 1. Original chemical and physical properties for the several 
experimental locations 
Experi­
mental 
location 
Soil a 
mapping unit 
Soil 
classi­
fication^  
Texture 
classes 
Sampling 
depth 
pH 
water 
(1:1) 
Exch. 
A1 
(cm) (meq/ 100 g) 
PF Passo Fundo Udox Clay loam 0-12 
12-24 
24-36 
36-48 
4.6 
4.6 
4.6 
4.6 
3.0 
3.1 
3.5 
3.7 
JC Passo Fundo Udox Sandy clay 
loam 
0-12 
12-24 
24-36 
36-48 
4.9 
4.8 
4.9 
5.0 
1.6 
2.1 
2.5 
2.3 
CA Passo Fundo-
St. Angelo 
intergrade 
Udox Sandy clay 
loam 
0-12 
12-24 
24-36 
36-48 
5.0 
5.1 
5.1 
5.2 
0.7 
0.6 
1.0 
1.0 
CX Passo Fundo-
Estaçâo 
intergrade 
Udox Clay 0-12 
12-24 
24-36 
36-48 
4.6 
4.8 
4.8 
4.7 
1.5 
1.4 
1.4 
1.4 
LV Erexim Udox Clay 0-12 
12-24 
24-36 
36-48 
4.7 
4.9 
4.8 
4.9 
2.7 
2.8 
3.7 
3.9 
VC Vacaria Udox Clay 0-12 
12-24 
24-36 
36-48 
4.5 
4.5 
4.7 
4.6 
1.9 
2.1 
2.5 
2.7 
CH Santo Angelo Udox Clay 0-12 
12-24 
24-36 
36-48 
4.8 
4.8 
4.9 
4.9 
0.6 
0.9 
1.2 
1.7 
*From Lemos et al. (1967). 
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Avail- Lime Effec. 
Exch. Organic able Exch, Effec. pH-7 require- Exch. A1 
Ca+Mg matter P K GEO GEO ment Mn sat. 
(meq/ 
100 g) 
(%) - — (ppm) - - - - -(meq/100 g)- (tons/ha) (ppm) (%) 
4.3 
4.3 
4.0 
2.5 
2.7 
2.6 
2.5 
2.5 
14.1 
4.0 
1.5 
0.8 
>200 
>200 
>200 
184 
7.2 16.4 10.6 78.3 41.7 
3.4 
4.6 
3.3 
3.7 
2.5 
2.5 
2.3 
2.0 
9.7 
4.5 
1.0 
0.5 
176 
164 
112 
92 
5.9 12.9 6.6 93.2 27.1 
9.5 
7.5 
5.6 
4.9 
3.2 
3.0 
2.6 
2.4 
9.1 
1.6 
0.7 
0.5 
164 
120 
96 
88 
7.2 16.4 6.9 117.4 9.7 
9.9 
7.0 
7.2 
6.0 
5.9 
5.4 
5.2 
4.6 
2.5 
2.4 
2.1 
2.0 
152 
105 
86 
65 
9.2 19.4 8.0 303.8 16.3 
2.5 
1.3 
2.3 
4.1 
4.4 
4.0 
3.7 
3.6 
1.5 
1.4 
1.1 
3.0 
172 
84 
64 
50 
10.1 22.2 9.5 32.4 26.7 
3.0 
2.0 
1.8 
1.4 
3.7 
3.7 
3.0 
2.8 
1.8 
1.3 
1.0 
1.0 
112 
60 
40 
28 
10.5 20.8 9.8 546.8 18.1 
5.8 
6.0 
5.2 
6.0 
5.9 
5.5 
5.0 
4.0 
1.0 
1.0 
2.5 
2.5 
>200 
>200 
195 
135 
10.3 19.4 6.0 105.3 5.8 
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among the soils in this study. 
Exchangeable Ca+Mg values also varied among experimental 
locations, but the values were lower than 10 meq/lOO g and 
tended to decrease in relation to soil depth. These values 
reflect the characteristics of a relatively low cation ex­
change capacity (CEC) for these soils, which is also a char­
acteristic expected for the soil order Oxisol. 
Soil CEC measured at the actual soil pH with unbuffered 
KCl represented lower values as compared to the CEC measured 
by buffered NH^ OAc at pH 7, reflecting pH-dependent negative 
charge characteristics for the soils in this study. 
The original "exchangeable" soil Mn content for the sev­
eral experimental areas varied between 32.4 to 546.8 ppm, 
showing a very marked variability in this characteristic. 
Some additional variability was also observed for the original 
soil organic matter content of 2 to 5.9%, "available" phos­
phorus of 0.5 to 14 ppm, and exchangeable potassium of 28 to 
near 200 ppm among these soils. 
All the experiments were cropped with the soybean and 
wheat crop sequence system. 
Soybeans (Glycine max, L) were represented by the culti­
va r Bragg which was planted between November-December and 
harvested around May depending on the experimental locations. 
Soybean seeds were inoculated with a mixture of efficient 
races of Rhizobium iaponicum, which was applied to the seeds 
just before planting. Planting rate was 25 seeds per linear 
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meter in a 50 cm row width, giving five rows per plot, and 
2 the effective harvesting plot area corresponded to 7,5 m 
(3 central rows of 5 meters) from a plot size of 5 by 2,4 m. 
The wheat (Triticum aestivum « L) crops were represented 
by the IAS-59 cultivar except that cultivar IAS-52 was planted 
in 1971 and then changed due to yield limitations caused by 
viruses. Wheat was planted in June-July and the exact time 
depended on the weather and specific optimum planting times 
for the different regions. The wheat was harvested around 
November-December. The spacing between rows was 20 cm and 
the planting density of 100 kg/ha used was representative for 
the field conditions. The plot area, as mentioned for soy-
beans, corresponded to 14.4 m (6 x 2.4 m), in which 12 rows 
6 meters in length represented the wheat plot from which an 
2 
effective harvesting area of 10 m (10 central rows of 5 
meters) was chosen. 
Soil fertilization was applied uniformly to all experi­
mental units to avoid yield limitations other than those 
related only to soil acidity conditions and lime applications. 
Fertilizer at a rate of 500 kg/ha of a 6-30-12 analysis was 
broadcast manually each year just before wheat seeding time 
and incorporated with rotary plow equipment powered by a small 
tractor. Additional nitrogen of 30 kg N/ha as urea was 
usually applied post-emergence by manually broadcasting 
approximately 45 days after plant emergence. At some loca­
tions and years, nitrogen fertilization was eliminated or 
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reduced, according to plant development conditions and cli­
matic effect at that time. 
Phosphorus and potassium were applied mostly at soybean 
planting time for the CX experiment, where the beginning crop 
was represented by soybeans as already mentioned. 
After each harvest for either soybeans or wheat, part 
of the crop residue staying on the plots was incorporated 
with similar rotary plow equipment which was used for fer­
tilizer incorporation and soil preparation for planting. 
Planting was done with a small self-propelled adjustable 
row planter which was adjusted to 6 rows wide for wheat and 
3 rows wide for soybeans. This machine was used only for 
field experimental purposes but it worked similarly as com­
pared to normal planting equipment used for wheat or soybeans. 
Insect control was done according to specific crop recom­
mendations when needed, and weed control was done manually 
also when needed. 
Harvesting was done by mechanically or manually cutting 
off the plants, and the threshing operations were done mechani­
cally in an adjoining area to the field experiment. A special 
threshing machine designed for experimental purposes was used. 
The straw resulting from the threshing operation was not re­
turned to the experimental plots. 
Wheat and soybean grain were usually dried to the normal 
and required moisture content and weighed. Table 2 presents 
the experimental data available for each field experiment. 
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Table 2. Experimental data available for wheat and soy­
beans for each experimental location 
Experimental Piep^ ri^ t^al yey 
location 1971 1972 1973 1974 1975 1976 1977 1978 
Crop^  
PF w s w s w s w s w s 
JC w s w s w s w s w s 
CA w (s) w s w s w s w s 
LV w s w s w s w s w (s) 
VC w s w s w s w s w s 
CX s w s w s w s w s w 
CH w s w s w s w s w s 
s, and ( ) designate wheat, soybeans, and missing 
data, respectively. 
All the experiments were intended to be conducted for a 
minimum period of 5 years and this represents the number of 
years to be considered mainly in this discussion. 
B. Soil Sampling Procedures and Soil 
Analysis Methodology 
Before the installation of the field experiments and the 
application of the lime treatments, representative soil 
samples were collected at different soil profile depths in 
increments of 12 cm from 0 to 48 cm to generally represent 
each experimental location. These results were presented 
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in Table 1, 
After the first representative soil sampling, soil 
samples were collected from each plot at least once a year. 
On some soil sampling occasions, soil samples were collected 
from different profile depths between 0 to 48 cm. Results 
will be reported referring to soil samples collected just 
after each soybean harvesting period which was usually in May. 
Five to ten subsamples per plot constituted a soil sample 
from a soil depth of 0-12 cm. Soil samples were collected 
with a soil sampling type "tube" or open auger equipment. 
After the soil samples were collected, they were com­
posited and dried at 40 to 50°C in a cabinet-type forced air 
dryer for 24 to 58 hours. The samples were then ground with 
a mechanical soil grinder to pass a 14-mesh screen. 
Soil samples were analyzed mostly by the Official Soil 
Testing Laboratories of Rio Grande do Sul (Pelotas, IPEAS; 
and Passo Fundo, University of Passo Fundo) or lately by the 
soil testing laboratory at the National Wheat Research Center. 
All soil analyses have followed the same analytical pro­
cedures since the beginning of the research program. Soil 
analyses were performed for soil pH, exchangeable Al, ex­
changeable Ca+Mg, organic matter, available phosphorus, 
exchangeable potassium, and eventually soil lime requirement. 
Soil pH was determined in a soil-water ratio 1:1. Ex­
changeable soil Al and exchangeable Ca+Mg were determined by 
following the procedure described by Vettori (1969), utilizing 
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KCl as the "extracting" solution and then titrating with 0,05 
N NaOH and EDTA for A1 and Ca+Mg, respectively. 
Soil organic matter content was determined by using a 
wet combustion procedure which used a mixture of 10 N HgSO^  
and 3 N Na2Cr20^  and was calibrated according to Walkley-
Black's standard methodology (Mielniczuk et al., 1971). 
Available soil phosphorus and exchangeable soil potassi­
um were determined by the North Carolina State University 
standard methodology using 0,05 N HCl and 0.025 N H2S0^  and 
adapted to routine purposes (Mielniczuk et al., 1971), 
Soil lime requirement determinations were made mainly 
for soil samples representing the original soil conditions 
before any treatment applications. The determinations were 
made by a method originally described by McLean, Schoemaker 
and Pratt ("SMP"), modified later for local conditions by 
Kussow, as mentioned and described by Mielniczuk et al, (1971), 
The analytic methodology consisted mainly of soil pH deter­
minations for a mixture of soil and a buffer solution, and 
the corresponding soil-buffer mixture reduction in pH readings 
represented different lime requirements which were calibrated 
to field conditions to represent the lime quantity in tons/ha 
required to raise soil pH to 6 (McLean, 1978), 
Soil cation exchange capacity (CEC) was determined at 
soil pH and at pH 7, and "exchangeable" soil Mn determinations 
were conducted in the Agronomy Department laboratories at Iowa 
State University, These analyses were done for samples taken 
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at a representative soil sampling year for each experiment 
which was the second year following lime applications. 
Soil CEC at iS[ 7 was determined by using a standard 
buffered NH^ OAc solution methodology in which NH^  replaces 
all cations occupying exchangeable site positions on soil 
colloids (Chapman, 1965). The ammonium ions were determined 
by steam distillation procedures as described by Bremner 
(1965). 
Soil CEC at soil pH, called the "effective" soil CEC, 
was determined by saturating the soil CEC complex with an un­
buffered salt solution (KCl) which was in turn replaced by 
CaClg, and the potassium was determined by flame photometry 
techniques. References concerning the methodology adopted 
can be found in Toth and Prince (1949), Jackson (1958), 
Hanna (1964), and Chapman (1965), and is described generally 
in Appendix C. 
Easily reducible and exchangeable soil Mn, denoted here 
only as "exchangeable" Mn, was extracted by a 1 N NH^ OAc + 
0.2% hydroquinone solution and determined utilizing Perkin-
Elmer Atomic Absorption equipment. References concerning the 
methodology used can be found in Perkin-Elmer (1968) and in 
Hassner and Ferrara (1867). 
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C. Experimental Design and General Statistical 
Procedures 
All field experiments were planned and conducted accord­
ing to a completely randomized block design with three repli­
cations per treatment. The experimental units within each 
block were separated by a 1-meter spacing and by a 2-meter 
spacing between blocks to reduce contamination problems, 
permit erosion control practices, and facilitate general 
field work. 
No special effort was made to pool all results obtained 
for each crop at the several locations and across years of 
experimentation into a combined analysis. If differences in 
yields were observed and attributed to lime effect, such an 
analysis would only indicate the presence of obvious differ­
ences in crop response to lime among locations without quan­
tifying the relationships, which is the main objective of this 
research at this time. 
Analysis of variance was performed for each individual 
field experiment, evaluating crop yield differences related 
to treatment effects, as a first step to further analysis. 
Soybean yield data across years of experimentation for each 
field experiment were analyzed pretending a split-split plot 
arrangement. Blocks represented the main plots, lime treatments 
the split plots and data across years of experimentation the 
split-split plots. Errors "b" and "c", corresponding to split 
and split-split plot effects, were pooled for technical reasons. 
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Bartlett's test for homogeneity of variances across 
experimental years for each field experiment was performed 
according to the procedure of Snedecor and Cochran (1967). 
Wheat yield data contained some very high and uncon­
trollable variability, especially across years of experimenta­
tion. These data were averaged across selected experimental 
years for each location, and the analysis permitted only test­
ing for block and treatment effects for each experiment. 
Cochran and Cox (1957) present a series of basic considera­
tions concerning the analysis of a series of experiments, and 
these were considered to be applicable for the type of analy­
sis performed. 
To evaluate proposed relationships, multiple linear re­
gression analysis and related procedures were utilized. Re­
gression model building techniques were used to evaluate and 
quantify soil property relationships as modified by treatment 
effect, soil property changes, and crop yields and to help 
visualize the crop responses affected by the applied treat­
ments. In the process of selecting appropriate regression 
models, a 0,30 probability level was chosen as a general 
lower limit for establishing a "significant" effect of any 
variable to be retained in a regression model. Agronomic 
criteria and associated backward procedures were the main 
procedures used to select and retain any variable as a part 
of any model. These approaches seem adequate for this type of 
study, especially when the expected relationships already 
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have been established for a general situation, and the main 
objective is to specify the effects for a particular situa­
tion and to quantify the relationships for prediction pur­
poses. General information on regression model building 
procedures and criteria for variable selection were obtained 
from Draper and Smith (1966) and Laird and Cady (1969). 
All of the statistical analyses were performed utilizing 
SAS procedures (SAS User's Guide, 1979) and Hytel computer 
facilities at Iowa State University. 
D. Estimated Values for Efficient Allocation of 
Lime Resources Based on Production 
Function and Economic Relationships 
Among the main objectives of this research project is the 
determination of meaningful production function relationships 
for field conditions. Considering the statistical problems 
related to the estimation of parameters, confidence intervals 
among other reliability measures have been suggested. However, 
considering the type of study involved, the main concern at 
this point will be associated with the estimation of a produc­
tion function representative for the observations made. 
Other variables also may influence the decision making 
process for a particular situation which makes the general 
estimated relationships for central values satisfactorily appli­
cable to most situations. Some effects can be measured per­
fectly, but others are very difficult to evaluate and incor­
porate into a production function relationship, especially 
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when considering biologic phenomena• 
The efficient allocation of lime resources will be 
analyzed considering some economic concepts associated with 
the estimated production function relationships for either 
the soybean or wheat crop and also for the crop sequence 
system in this study. 
Liming acid soils characteristically represents an in­
vestment from which returns are expected through time, where 
the time factor is represented by years. Discounting values 
for future returns has been suggested as a way to make present 
comparisons possible (Pesek et al., 1960; Doll and Orazem, 
1978; Heady, 1952). 
Considering a classic general production function rela­
tionship as represented by the function; 
Y = f(X) , (1) 
and the present value of future returns (discounted values) 
as ; 
DV = EV(l+r)~^  , (2) 
where : 
DV = discounted value; 
EV = expected value; 
r = annual discounting rate ; and 
n = number of years. 
The discounted value of the yield equation (Y^ ), as suggested 
by Pesek et al. (1960), can be expressed as; 
Y^  = f(X)/(l+r)^  , (3) 
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in which the future expected value f(X) replaces EV in 2, 
The corresponding discounted value of yield for k equations 
over N years (Y^ )^ would be equivalent to; 
k _ 
y. = E f(X)/(l+r)* , (4) 
i=l 
where: 
n — l;2* # e *N* 
According to Pesek et al. (1960), for the cases in which 
the quadratic equation is used to express the production 
function relationships, the "total discounted production 
function" (Y^ )^ values are obtained by summing the discounted 
coefficients of corresponding terms in the equations. 
The functions are suitable, as described by equations 
1 to 4, for production function relationships for similar 
crop data and evaluating in this case the carry-over effect 
expressed as expected returns through time. When dealing, 
however, with aggregate production functions representing 
different crop responses for noncompetitive crops as for the 
wheat and soybean crop sequence system, the specific crop 
production functions have to be transformed first into 
equivalent measurable units, e.g., monetary units, before the 
coefficient values for both production functions can be added. 
Considering the specific case for the soybean and wheat 
crop system, the following original soybean production func­
tion can be represented by 
Yg = f(X) = TPPg = (total soybean physical product); 
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the corresponding original wheat production function can be 
represented by 
= f(X) = TPP^  = (total wheat physical product); 
and the total value product (TVP) as equivalent to 
TVP = (TPP) (Py) , 
where Py = product price/unit; and the total value product 
production function representing the aggregated production 
function then would be represented by 
tvpg, = (ys-ps) + • (5) 
The same concepts presented above for the discounting of 
values for product (yield) relationships can be applied to 
the annual total value product functions to be added across 
years representing the total discounted value product func­
tion for a considered production function period, price rela­
tionship, and discounting rate value. 
The "efficient" concept for allocation of resources is 
a relative one and it has to be related to some choice in­
dicators, as mentioned by Heady (1952), and widely discussed 
by Heady and Dillon (1972) among others. 
The main objective at this point is to consider the op­
timal concept of lime resource allocation as a function of 
only the variable costs and returns. Thus, the marginal 
analysis concept is the main economic "tool" utilized. Lime 
in this case is considered the primary variable resource 
whose relationships have been established to be important and 
related to real world variables through production function 
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estimations. 
Concepts of "minimum" and "maximum" resource allocation, 
as discussed by Pesek et al. (1960), will not be discussed 
here considering the type of study involved and related tech­
nical implications. 
The choice indicator considered is related to marginal 
costs and marginal return analysis, and the particular concept 
for "optimum" lime allocation will involve input-output price 
relationships for production function estimations (discounted 
values in this case). The optimal lime rates will be calcu­
lated from the production function values by equating the 
first partial derivative of Y (output variable) with respect 
to X (input variable, lime) as equal to the established 
input/output price ratios: 
âY/ôx = pypy , 
where; P^  and P^ . represent input and output prices per unit, 
respectively. Solving for X values gives the optimum lime 
rate. Optimal values will be calculated for a desired com­
bination of important uncontrollable variables included in 
the production function relationships. 
Other technical relationships can also be estimated from 
the production function values as discussed by Heady and 
Dillon (1972). Estimated maximum (or minimum) output values 
and the required corresponding input values will be presented 
elsewhere and can be obtained by equating the first partial 
68 
derivative of Y with respect to X as equal to zero, ôY/ôX 
and solving for X and for the corresponding Y value estima 
tions. 
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IV. RESULTS AND DISCUSSION 
A. Effect of Lime Treatments on Some Soil Properties and 
Relationships as Soil Acidity Factors 
The original soil properties for all field experiments 
were presented in Table 1. The general effect of the lime 
treatments on soil properties of the 0-12 cm surface layer for 
all experimental locations is shown in Table 3 for soil 
samples collected for analysis in the second year following 
lime applications. Soil property values for the different 
experimental years are presented in Appendix Tables A1 to A6. 
Results from the second year were chosen to evaluate the 
effect of lime treatments with the assumption that the values 
from this year were representative of the five years of ex­
perimentation. The main soil and limestone reactions can be 
considered to be nearly stabilized at this time, according to 
Moschler (1960) and others, although many factors are involvedo 
1. Soil pH as a function of lime applications 
As shown in Table 3, soil pH increased as a function of 
lime rate as theoretically expected, but the effect varied 
among locations. At that sampling time, a pH variation from 
a minimum of 3.9 to a maximum of 6,9 was observed. Figure 2 
illustrates the average effect of the several lime treatments 
on the soil pH of the 0-12 cm surface layer for the several 
field experiments. Although the graphic representation shows 
only the mean of the data presented in Table 3, a regression 
Table 3. The effect of lime rates on the mean values of soil 
properties of the 0-12 cm surface layer for samples 
taken the second year after lime applications for 
each field experiment 
Experimental Soil 
location mapping unit 
Original 
lime 
require- Texture 
ment group 
Lime 
rate pH 
PF Passo Fundo 
(tons/ha) 
10.6 
(tons/ha) 
0 
3.1 
6.2 
12.4 
24.8 
4.1 
4.2 
4.8 
5.7 
6.5 
VC Vacaria 9.8 1 0 4.0 
3.1 4.4 
6.2 4.8 
12.4 5.2 
24.8 6.1 
LV Erexim 9.5 1 0 3.9 
3.1 4.3 
6.2 4.3 
12.4 5.0 
24.8 6.1 
CX Passo Fundo^  8.0 1 0 4,8 
3 5.2 
6 5.4 
9 5.6 
12 5.8 
15 6.0 
18 6.5 
21 6.3 
24 6.5 
CA Passo Fundo^  6.9 3 0 4.8 
3.1 5.2 
6.2 5.3 
12.4 6.2 
24.8 6.9 
P^asso Fundo/Estaçao intergrade. 
P^asso Fundo/S. Angelo intergrade. 
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Avail-
Exch. Effec. Exch. A1 Exch. Organic able Exch. 
Ca+Mg CEC A1 sat. Mn matter P K 
(meq/lOO g) —  —  — —  ( % )  (ppm) (%) (ppm) —  —  —  —  
1.0 6.9 3.5 50.1 90 4.8 15.0 97 
1.9 7.4 1.9 25.7 91 4.9 11.1 77 
3.2 7.6 0.6 7.9 73 4.9 17.8 77 
4.3 9.2 0 0 88 4.7 12.5 77 
5.8 12.7 0 0 45 4.6 14.5 87 
2.2 10.1 . 1.7 16.8 624 7.4 3.7 138 
3.3 11.0 0.6 5.4 556 7.5 7.2 170 
4.0 11.9 0.1 0.8 538 7.4 5.0 152 
5.4 13.8 0 0 466 7.3 4.5 133 
7.2 18.5 0 0 369 7.4 6.0 148 
1.1 10.1 3.0 19.7 28 7.2 10.0 180 
2.6 10.7 1.4 13.1 31 7.0 13.7 188 
3.7 11.6 0.5 4.3 22 7.3 7.2 173 
5.2 13.7 0 0 24 7.0 11.7 160 
6.9 17.5 0 0 9 6.8 10.2 165 
5.8 9.1 1.5 16.5 262 6.3 14.0 110 
7.2 9.6 0.7 7.3 262 6.2 16.2 100 
8.0 10.4 0.3 2.9 266 6.2 14.0 102 
9.0 11.5 0.1 0.9 241 6.2 11.7 102 
8.6 11.9 0.1 0.8 229 5.7 12.8 92 
10.2 . 0.1 0 . 6.2 10.5 82 
12.4 0 0 0 . 6.3 16.8 92 
11.3 # 0 0 0  6.4 13.5 87 
12.4 # 0 0 
• 
6.6 11.0 78 
2.8 7.4 1.3 17.6 122 5.0 21.9 158 
3.4 8.1 0.1 1.2 117 5.0 31.7 138 
4.4 9.8 0 0 113 4.9 18.2 138 
5.5 12.4 0 0 99 4.8 19.8 140 
5.4 13.9 0 0 87 5.0 25.0 137 
Table 3, (Continued) 
Original 
lime 
Experimental Soil require- Texture Lime 
location mapping unit ment group rate pH 
(tons/ha) (tons/ha) 
JC Passo Fundo 6.6 3 0 4,7 
3.1 5.2 
6.2 5.6 
12.4 6.5 
24.8 6.8 
CH Santo Angelo 6.0 1 0 4.8 
3.1 5.1 
6.2 5.2 
12.4 5.7 
24.8 6 .6  
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Avail-
Exch. Effec. Exch. A1 Exch. Organic able Exch. 
Ca+Mg CEC A1 sat. Mn matter P K 
(meq/lOO g) — — — — (%) (ppm) (%) (ppm) 
2.1 6.4 1.0 15,6 98 4.2 34.7 88 
3.3 7.0 0.3 3.6 91 4.4 48.5 83 
4.0 8.3 0 0 94 4.4 39.0 77 
4.7 10.2 0 0 88 4.0 51.7 90 
5.4 12.0 0 0 63 3.9 50.7 92 
6.8 10.1 0.9 8.9 222 6.5 14.2 >200 
8.7 11.9 0.5 4.2 219 6.6 12.7 >200 
9.0 12.1 0.3 2.5 219 6.5 12.7 193 
11.4 14.3 0 0 193 6.4 13.0 >200 
15.1 17.2 0 0 148 6.5 17.7 >200 
74 
5.3229 + 0.2102T - 0.1370Lr + O.llllL + 
0.l085Ry - 0.0591TRy - 0.0016l2. 
0 . 7 9 8  
I 
a 
o 
CO 
0 3.1 6.2 24.8 12.4 
Lime rate ,  tons/ha 
Figure 2. Soil pH of the 0-12 cm surface layer as a function 
of lime rate applied to the field experiments 
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equation was fitted to all experimental soil pH data for the 
0-12 cm surface layer for the different locations and years 
of experimentation. The estimated soil pH as a function of 
the lime treatments was expressed by the following equation: 
pH = 5.3229 + 0.2102T - 0.1369Lr + O.llllL + 
0.l085Ry - 0.059lTRy - 0.00161? , (6) 
where ; 
T = soil texture groups (1 = clay, 2 = clay loam, 
3 = sandy clay loam); 
Lr = original soil lime requirement in tons/ha re­
quired to bring soil pH to 6 ; 
L = lime rate in tons/ha; and 
Ry = residual years from 1 to 5 for the respective 
year following lime application. 
All the coefficients included in the above model were sig­
nificant at the 0.01 probability level. More details about 
equation 6 are shown in Appendix Table A7. The continuous 
function in Figure 2 was calculated for the intermediate 
soil texture group, group 2. Although the interaction term 
between lime and lime recommendation (L*Lr) could have a 
technical meaning, it was not significant at the 0.30 proba­
bility level and was deleted from the regression model. 
Soil texture was an important factor and the positive 
coefficient means that higher soil pH values were observed on 
the coarse-textured soils. In this case, because soils with 
similar characteristics are being compared, coarse texture 
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may mean relative lower clay and organic matter contents that 
are responsible for the buffering capacity of the soil to 
pH changes. Moschler (1960) observed similar results where 
higher pH values were observed for the coarsest textured soil 
of a group of soils. Another possibility could be the soil 
pH determination technique itself, due to the suspension 
effect as mentioned by Black (1957) and others. 
The positive coefficient for years of experimentation 
(Ry) indicates a general increase in soil pH with time, es­
pecially in the first 2 to 3 years of experimentation follow­
ing lime application. This has been demonstrated by others 
with some experimental work evaluating the reaction rate of 
limestone in acid soils with time (Newman, 1971; Bhaumik and 
Donahue, 1964; Pearson, 1975). The negative coefficient for 
the interaction of soil texture with years of experimentation 
(T*Ry) indicates that the soil pH tends to decrease in the 
coarser textured soils with time and there is less of a residu­
al effect for the lime treatments in these soils. This effect 
is in accord with many reports in the literature in which soil 
pH drops with time following lime application, especially in 
coarse textured soils. The soil pH values shown in Appendix 
Table A1 for the several experimental years for each location 
are quite variable among experimental years and this varia­
bility does not permit showing conclusively the effect of time 
on soil pH changes. The determination of a soil-water gH is 
subject to many induced factors of variation and this may not 
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be the best parameter for evaluation of residual effect or 
reaction rate of lime in this case. 
The positive sign and magnitude for the linear term of 
lime rate (L) and the corresponding negative sign for the 
quadratic component (L ) show that there is a general sig­
nificant increase in soil pH due to the lime treatments but 
this increase is at a diminishing rate, especially above soil 
5,5. These results agree with the observations of 
Kamprath (1973), Keng and Uehara (1974), and Foster and 
Matsusaka (1952). The buffering capacity of oxidic minerals, 
characteristic components of the clay fraction of Oxisols, 
increases with increasing soil pH, and for this reason these 
soils tend to have a very high buffer capacity as neutraliza­
tion is approached. According to Keng and Uehara (1974), 
oxides can develop a very high surface charge density, and 
this accounts for the large quantity of lime required to 
change soil in Oxidic soils. Foster and Matsusaka (1952) 
also observed on the acid soils of Hawaii a general higher 
buffering effect to changes in soil 0! due to lime additions 
at pH above 5.5. 
Table 4 presents some estimated pH values calculated from 
equation 6, Maximum estimated soil varied according to 
soil texture and lime requirement combinations, but in general, 
only very high lime rate equivalent to 35 tons of lime/ha 
would be necessary to give maximum soil pH. Soil pH of only 
6.3 would be the estimated maximum attainable soil pH for a 
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Table 4, Calculated lime rates required for predicted maxi­
mum soil pH and the resulting soil pH of the 0-12 
cm surface layer for the third residual year for 
different soil textural groups and lime requirements^  
Lime 
requirement 
Lime rate 
for max. 
pH 
Textural group 
(tons/ha) 
5 
10 
(tons/ha) 
35 
35 
6.9 
6 . 2  
(soil pH)-
7.0 
6.3 
7.0 
6.3 
Values found by equating âpH/ôL = 0.1111 - 0.0032L to 
zero and solving for lime rate (L) values, and the correspond­
ing pH values were obtained from general equation 6. 
high lime requirement soil, as a consequence of a gsneral 
high buffer capacity characteristic of these soils. 
2. Exchangeable soil Ca** + Mg** as a function of lime 
applications 
The effect of the dolomitic limestone applied to the 
several experimental locations on the exchangeable soil 
Ca+Mg content for each experiment is shown in Table 3. 
Exchangeable Ca+Mg values for the no lime treatment 
varied from 1 to 6,8 meq/lOO g among locations. This is 
related apparently to the natural soil acidity conditions 
and soil texture properties. Exchangeable Ca+Mg values in­
creased as a function of lime rate from 1 to 5.8 and 6.8 to 
15.1 meq/lOO g, respectively, for the high lime requirement 
of 10.6 tons/ha at PF and the low lime requirement of 6 tons/ 
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ha at CH for the lower and maximum rates of limestone applied. 
Figure 3 illustrates the effect of lime rate on the exchange­
able soil Ca+Mg. 
A multiple linear regression equation was fitted to all 
the values of exchangeable Ca+Mg shown in Appendix Table A2 
for years and locations. The estimated values for the ex­
changeable soil Ca+Mg are expressed by the following equations 
Ca+Mg = -0.3394 + 1.5814T + 0.4414L + 1.6497Ry -
0.06011,T + 0.04l8LRy - 0.66l6TRy - 0.0076L^  , (7) 
where: 
T = soil texture groups (1 = clay; 2 = clay loam; 
3 = sandy clay loam); 
L = lime rate in tons/ha; and 
Ry = residual years from 1 to 5 for the respective year 
following lime applications. 
All the coefficients shown in equation 7 were significant at 
the 0.01 probability level. Additional information about 
equation 7 is given in Appendix Table A8. 
The continuous function in Figure 3 was calculated from 
equation 7 for soil texture group 2 to show the effect of lime 
treatments on the exchangeable Ca+Mg. 
The negative sign and the magnitude of the coefficient 
for the interaction of lime rate with soil texture groups 
(L*T) means that the increase in the exchangeable Ca+Mg is 
less pronounced for the coarser textured soils as lime rates 
are increased. This should be expected, considering the 
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limits on the capacity for holding cations by these soils 
which have lower CEC values. 
The negative coefficient for the interaction of texture 
with residual years (T*Ry) means that exchangeable Ca+Mg 
tends to decrease in the coarser textured soils with time. 
This could mean a loss in the efficiency of the lime rate 
applied to the sandy soils, which has been verified by several 
researchers working with Oxisols in the humid climatic regions 
(Lawton and Kurtz, 1957; Lathwell, 1979; Pearson, 1975; 
Abruna et al., 1975; Moschler, 1960; Corrie, 1926, and others). 
Lime applications caused a general increase, as expected, 
of the saturation of the CEC with Ca and Mg which replaced 
the acidic cations, and from the soil exchange 
sites. The negative sign for the quadratic coefficient in­
dicates that the exchangeable Ca+Mg was increased at a de­
creasing rate to a maximum value. The existence of a maximum 
value technically could be anticipated by the limitations of 
the soils to hold cations. 
The magnitude and the negative sign of the coefficient • 
for soil texture groups (T) is not consistent with theoretical 
expectations. As soil texture becomes coarser, a lower gen­
eral content in exchangeable Ca+Mg should be expected due to 
the relationships with soil CEC. 
Some estimated values of exchangeable Ca+Mg calculated 
from equation 7 are shown in Table 5. Maximum values for 
soil exchangeable Ca+Mg are predicted at 24 and 32 tons 
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Table 5. Calculated lime rates required for predicted maxi­
mum exchangeable Ca+Mg and the resulting exchange­
able Ca+Mg of the 0-12 cm soil surface layer for^  
2.5 residual years for different textural groups 
Textural 
group 
Lime rate required 
for maximum exch. 
Ca+Mg values 
Maximum exch. 
Ca+Mg value 
(tons/ha) (meq/lOO g) 
1 32 11.5 
2 28 9.6 
3 24 8.0 
Values found by equating ôCa+Mg/ôL = 0.4414 - 0.0601T + 
0.04l8Ry - 0.0152L to zero and solving for lime rate (L) 
values, and the corresponding Ca+Mg values (Ca+Mg) were ob­
tained from general equation 7, 
limestone/ha for the sandy clay loam and the clay textured 
soils, respectively, and the corresponding exchangeable 
Ca+Mg values would be 8 and 11.5 meq/lOO g. 
3. Soil cation exchange capacity (CEC) as affected by soil 
pH and limestone applications 
Soil CEC values obtained from samples collected two years 
'after lime applications will be analyzed. This was considered 
as a representative soil sampling period to evaluate soil 
property changes as a function of limestone applications. 
These results are shown in Table 3 and represent the effect 
of lime rates applied to each field experiment. 
Soil CEC determined by an unbuffered salt solution (KCl) 
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will be referred to as "effective" soil CEC. As suggested 
and discussed by Coleman and Mehlich (1957) and Coleman and 
Thomas (1967), this effective soil CEC represents not only 
the permanent soil negative charges but also the portion of 
the soil CEC that is activated at that soil 01, and this 
portion is the pH-dependent component of soil CEC. 
The soil CEC values shown in Table 3 for the several 
locations varied from 6.4 to 10.1 meq/lOO g for the no-lime 
treatments and from 11.9 to 18.5 meq/lOO g for the maximum 
lime rates applied to the soils. These ranges of values 
represent the variation in the CEC observed among the soils 
studied. In all soils, the application of lime rates resulted 
in substantial increases in CEC values, practically doubling 
the soil CEC compared to the no-lime treatments. 
The data for effective CEC in Table 3 is presented in 
Figure 4. A multiple linear regression equation was fitted 
to these data to estimate the effective soil CEC values as a 
function of soil pH and any significant local soil character­
istic which could explain some of the differences observed 
among the different field experiments. 
The estimated soil CEC values resulting from the effect 
of the several lime rates applied to each of field experi­
ments was expressed as a function of soil pH by the following 
equation: 
Soil effec. CEC = 11.9192 - 2.1818T + 0.2925pH + 
0.6456pH^  , (8) 
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where: 
T = soil textural groups (1 = clay; 2 = clay loam; 
3 = sandy clay loam); and 
= soil pH of the 0-12 cm surface layer. 
Additional information for the above equation is shown in 
Appendix Table A9. 
All the variables included in the model are significant 
at the 0.01 probability level, except the linear component 
for soil pH. It was retained in the model due to the sig-
nificance of the quadratic term, pH . 
Soil texture, T, was the only main soil characteristic 
which explained some differences in soil CEC values among 
the different soils and locations in this study. The de­
crease in the soil CEC value as the soil texture becomes 
coarser is shown by the negative sign of the coefficient for 
texture. This is explained by the fact that soil CEC proper­
ties are closely related to the clay-sized fraction of the 
soil, whether considering mineral or organic components. 
The nonsignificance at the 0.30 probability level for 
the linear coefficient of soil pH and the positive sign for 
the quadratic effect of soil pH indicate that the effective 
soil CEC increased at an increasing rate as the soil pH in­
creased, especially above soil pH 5. 
Coleman and Mehlich (1957) demonstrated, in general, that 
the soil CEC due to the organic matter component of the clay 
fraction of a soil is expected to increase linearly with 
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soil gH. This is a result of the activation of some exchange 
sites as soil is increased. On the other hand, hydrous 
oxide clays have been demonstrated to be a characteristic 
component of the mineralogical constituents of Oxisols of 
humid regions (Coleman and Thomas, 1967; Coleman et al., 
1959; McLean, 1971; Seatz and Peterson, 1964; Blue, 1974; 
Pratt and Baird, 1962). According to these authors, these 
materials have been shown to have a high pH-dependent CEC, 
especially when soil pH approaches neutrality. Thus, it seems 
that the pH-dependent component of CEC observed for the soils 
in this study might well be attributed to both the organic and 
mineral components of the clay fraction of these soils. Or­
ganic matter could be expected to be the main factor, however. 
Similar results have been reported by Kornelius, mentioned by 
KSmpf and Klamt (1976), who worked with similar soil mapping 
units from the same region where this study was conducted. 
Some estimated values for the effective soil CEC calcu­
lated from equation 8 are shown in Table 6. Minimum soil 
CEC values for the soils in this study would be expected 
around soil pH 3.8, and the minimum soil CEC values predicted 
by equation 8 would vary according to the original soil tex-
tural properties. Thus, CEC ranged from 5.3 to 9.7 meq/lOO g 
in the sandy clay loam to the clay textured soils, respec­
tively. 
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Table 6. Calculated soil pH values and the resulting mini­
mum predicted CEC values of the 0-12 cm surface 
layer for the different soil textural groups^  
Soil pH for Minimum effec. 
Textural minimum effec. soil CEC 
groups CEC values values 
1 3.8 9.7 
2 3.8 7.5 
3 
00 m
 5.3 
Values found by equating ôCEC/ôpH = 0,2925 + 1.2912 pH 
to zero and solving for soil pH (pH) values, and the corre­
sponding CEC values were obtained from general equation 8. 
4. Aluminum saturation of the "effective" soil CEC as 
affected by soil pH and lime applications 
Both the exchangeable soil aluminum and aluminum satura­
tion of the CEC have been used to express the general activity 
of aluminum in the soil, especially when analyzing soil 
acidity conditions for plant development. 
The exchangeable A1 form of expression is used sometimes 
because it is related to the way that A1 behaves in relation 
to solid-liquid interphase equilibrium reactions in the soil. 
When comparing such soil acidity factors among soils of 
similar general characteristics, however, differences due to 
soil CEC for individual soils may be a function of soil tex­
tural characteristics. Thus, soil A1 expressed as aluminum 
saturation of CEC in percent may be the preferred expression. 
In this way much of the variability can be reduced or 
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controlled and give a better understanding of experimental 
results obtained from different field locations. This way 
of expressing general aluminum activity in the soil will be 
the main expression used in this discussion. 
Soil CEC properties and other related soil properties 
can be affected by soil pH, This is noticeable particularly 
for results from lime rate studies and in this study for 
Oxisols which have significant pH-dependent CEC properties. 
Soil CEC determined by buffered solutions (NH^ OAc) at pH 7 
represents for acid soils the permanent negative charge 
component of soil CEC and the negative charges which are 
activated by raising soil pH to 7 (Coleman and Mehlich, 1957; 
Kamprath, 1972; Volk, 1959; and others). According to 
Kamprath (1972), the CEC determined by the use of buffered 
ammonium acetate would include not only sites occupied by 
exchangeable cations but also pH-dependent sites associated 
with carboxyl groups and hydrated oxides of iron and aluminum. 
In this case, some different values of CEC would be expected 
to occur when comparing soil CEC determined at the soil pH by 
unbuffered solutions and at soil pH 7 utilizing buffered 
solutions. Soil CEC values determined at pH 7 with 1 N 
NH^ OAc would be expected to be greater than CEC values deter­
mined at the original soil pH using KCl. This effect is ob­
served especially when determinations of soil CEC are made on 
low pH soil samples of Oxisols, as pointed out by Kamprath 
(1972) and verified by Bhumbla and McLean (1965). 
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Soil aliminum expressed as a percent of soil CEC also 
would be expected to vary in relation to the dependence of 
CEC on soil pH but in an inverse relationship due to the way 
it is calculated, (meq Al^ /^CEC) x 100. Figure 5 shows the 
relationships of aluminum saturation of soil CEC for the CEC 
determined at pH 7 to the saturation of the CEC determined 
at the actual soil pH. 
The effective aluminum saturation values for soil CEC 
determined at the actual soil pH were always higher than the 
values for the CEC determined at pH 7. The relationship 
stays almost constant at a 2:1 ratio throughout the range of 
data presented, although the differences tend to narrow as the 
A1 saturation values approach zero at a higher soil pH, This 
is in agreement with the observations of Kamprath (1972) and 
Bhumbla and McLean (1965). This trend is shown in the re­
gression equation shown in Figure 5. The significant nega­
tive coefficient for the quadratic effect of A1 saturation, 
A1 , of the soil pH indicates that the A1 saturation of CEC 
determined at pH 7 increases at a decreasing rate as the ef­
fective A1 saturation values become greater. The reverse is 
also true for decreasing A1 values approaching zero. 
The values determined by either method could be used for 
expressing aluminum saturation as a percent of CEC, consider­
ing the high multiple correlation coefficient of R = 0.998. 
The choice becomes mostly a question of range of values. 
Additional information about the regression equation presented 
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in Figure 5 is shown in Appendix Table AlO. 
The effect of the several lime rates applied to the 
several field experiments on the active soil A1 expressed as 
exchangeable A1 or percent A1 saturation is shown in Table 3 
for analysis of samples taken the second year following lime 
applications. Exchangeable soil aluminum determinations for 
each of the experimental years are presented in Appendix 
Table A3. 
A1 saturation values determined on samples taken the 
seçond year following lime applications at each of the loca­
tions varied from 8,9 to 50.1% among locations for the no-
lime treatments (Table 3). As expected, the lime rates ap­
plied to the acid soils reduced and eliminated the soil 
aluminum from the soil exchange sites, but the magnitude of 
this effect varied among locations. A better understanding 
of the results is obtained when percent A1 saturation of the 
CEC values is related to soil pH values resulting from the 
several lime treatments and locations. This relationship 
is presented in Figure 6. 
A multiple linear regression equation was fitted to the 
data to relate the percent A1 saturation of the CEC as a 
function of soil pH values. For mathematical reasons, soil 
pH values greater than 5.8 were excluded from this regression 
analysis because the A1 saturation was zero at that soil pH 
and above. 
The following regression equation estimated the relation-
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ship of the percent effective A1 saturation of the CEC as a 
function of soil pH (R^  = 0,784)j 
% A1 sat. = 344.1881 + 21.4200Lr - l5l,56llpH -
4.l0l6pHLr + l6.4838pH^  , (9) 
where; 
pH = soil pH of the 0-12 cm surface layer; and 
Lr = original soil lime requirement in tons/ha required 
to bring soil pH to 6. 
All of the coefficients in equation 9 were significant at the 
0.01 probability level. Additional information concerning 
equation 9 is shown in Appendix Table All, The continuous 
function illustrated in Figure 6 was calculated from equation 
9 using a lime requirement of 8 tons/ha. 
The original value for lime requirement, Lr, of each 
experiment, was the only significant term to reasonably ex­
plain some observed differences in A1 saturation values among 
locations. The positive coefficient of Lr is explained by 
the proven fact that soil aluminum forms in these soils play 
a most important role in determining soil buffering capacity 
in the highly weathered Oxisols of the humid regions (Blue, 
1974; Lathwell, 1979; Kamprath, 1973; Keng and Uehara, 1974; 
Baird, 1968; Coleman and Mehlich, 1957), 
The sign and magnitude of the coefficients for the effect 
of soil pH on the A1 saturation of soil CEC content agree 
generally with research reports found elsewhere on the subject. 
The negative sign for the linear component of the effect of 
soil pH represents the classic inverse relationship of soil 
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pH with soil aluininiim, resulting from the effect of lime 
applications to acid soils. The positive sign for the 
quadratic component, pH , of the effect of soil pH means that 
the decreases in the percent A1 saturation as soil pH in­
creases occur at a decreasing rate. The negative coeffi­
cient of the interaction of soil pH with lime requirement 
(pH*Lr) could be explained at least in part by the correla­
tion between soil CEC and soil textural groups. 
Some estimated relationships between soil pH and percent 
A1 saturation obtained from equation 9 are shown in Table 7, 
The estimated soil pH values required for A1 neutralization, 
evaluated at zero percent A1 saturation of the soil CEC, 
varied with the original lime requirements of the soils and 
ranged from pH 5.2 to 5.8 for soil lime requirements of 5 and 
10 tons/ha, respectively. A soil pH of approximately 5.6 
would represent an average pH for the soils in this study. 
These values are in accord with weathered acid soils of humid 
regions (Pearson, 1975; Kamprath and Foy, 1971; Wilson et al., 
1975; Coleman and Thomas, 1957; Coleman et al., 1958). 
Appendix Table A3 shows results for exchangeable A1 for 
several years after lime applications for each experimental 
location. Analysis of these data could give some indication 
of the efficiency in relation to time of the several lime 
rates applied to each location. 
Some researchers working primarily with highly weathered 
Oxisols of the humid tropics have verified or mentioned that 
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Table 7. Calculated soil pH values for A1 saturation of 
zero for different lime requirements^  
Lime Estimated soil pH values 
requirement for A1 neutralization 
(tons/ha) 
5 5.2 
10 5.8 
V^alues found by equating ôAl sat/ôpH = -151.5611 -
4,l016Lr + 32.9672pH to zero and solving for soil pH values. 
soil aluminum tends to reappear in the soil solution after 
some time following lime applications to these soils in these 
climatic conditions (Lathwell, 1979; Johnston et al., 1949; 
Volk, 1951; Pearson, 1975). 
There are some indications that the exchangeable soil A1 
tends to reappear or increase at the lower rates of lime 
(3.1 to 6.2) in the third and fourth years after lime appli­
cations (Appendix Table A3). These results agree with ob­
servations of Wade, mentioned by Lathwell (1979), in which 
lime applied to this soil-climatic environment would tend to 
lose its efficiency over time. 
Some investigators attribute possible causes to the 
natural process of soil reacidification due to continued 
climatic action and other induced problems, especially by 
soil management systems (Lathwell, 1979; Johnston et al., 
1949; Volk, 1951; Pearson, 1975; Freitas and Van Raij, 1975). 
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There is, however, much unexplained variation in the 
exchangeable A1 content for the several locations, that 
could be attributed to many possible factors. Additional 
analysis of other soil properties would be needed to verify 
the effect of years on exchangeable forms of A1 before any 
final conclusion could be drawn. 
5. Exchanaeable soil Mn content as affected by soil pH and 
lime applications 
The effect of several lime rates applied to each field 
experiment on exchangeable soil Mn is shown in Table 3. Ex­
changeable soil Mn was determined on samples collected two 
years after lime application. 
The exchangeable Mn content of the no-lime treatments 
varied from 28 to 624 ppm among locations. Lime treatments, 
as expected, reduced the exchangeable soil Mn content at all 
locations, but the magnitude of reduction varied among the 
field experiments. 
The following multiple linear regression equation was 
fitted to the exchangeable soil Mn content as a function of 
the soil pH resulting from the application of lime treatments 
to each location in this study. 
Exch. Mn = -16.2150 + 129.14271^  + 5.7390pH -
20.47l2pHI^  , (10) 
where: 
pH = soil pH of the 0-12 cm surface layer; and 
M^n ~ groups of experiments with a similar range of 
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exchangeable soil Mn contents. 
is the mean of soil Mn divided by 100, and for each Mil 
group is: LV = 0.2; PF, CA# JV = 0.8; CH, CX = 2.3; 
VC = 5. 
Figure 7 illustrates the relationships found between ex­
changeable soil Mn contents and soil pH values for the sev­
eral locations, and, using equation 10, shows the grouped re­
sults according to the mean Mn content for locations. 
The variable, which accounts for some mean differ­
ences in the exchangeable Mn content among locations, was in­
cluded in the regression model for reasons of increasing the 
precision of the estimates and for a better understanding of 
the relationships obtained. The effect due to soil pH alone 
was not significant at the 0.30 probability level. The other 
terms were all significant at the O.Ol level. Soil pH was 
retained in the model because of its interaction effect with 
the grouping of experiments for the mean Mn content (pH*I^ ). 
The significance of the coefficient for mean differences 
in Mn content among groups of locations means that major dif­
ferences were found among experiments. The nonsignificance 
for the general effect of soil 01 and the significance of 
the interaction pH*I^  ^indicates that the magnitude of the 
reduction of the exchangeable soil Mn values due to increases 
in soil was proportional to the mean Mn content of the soil. 
This effect is clearly shown in Figure 7 for the different 
soils grouped according to their mean Mn content. 
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The results obtained in this study are in accord with 
observations of Hahn, 1973, mentioned by Pearson (1975), who 
observed extreme variability in the Mn level of the highly 
weathered soils (Oxisols) of the humid regions. Additional 
information about equation 10 is shown in Appendix Table A12, 
6, Other soil property relationships with lime treatments, 
years of cultivation. and fertilization 
Table 3 shows additional results for soil organic matter 
content, available phosphorus and exchangeable potassium for 
each lime treatment for soil samples taken two years after 
lime applications. 
The differences in these soil test values may be attrib­
uted to soil sampling variability, and no special effect re­
lated to the lime treatments was observed. Detailed informa­
tion, showing the effect of years of experimentation, is 
presented in Appendix Tables A4 to A6, 
Some variation in the soil organic matter content 
occurred for the several locations in relation to experi­
mental years, but no consistent trend was observed (Appendix 
Table A4). There are some differences for the PF, JC, and CA 
experiments between the first year of experimentation and the 
following years, but these are attributed to changes in 
methodology adopted by the Official Soil Testing Laboratories 
of Rio Grande do Sul, Brazil, at that time. 
The results for available phosphorus and exchangeable 
potassium, presented in Appendix Tables A5 and A6, respec­
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tively, were included only to determine the effect of the 
annual fertilization. In general, the values for P and K re­
mained above their critical levels for the soils in this 
study, according to Mielniczuk et al. (1971). The variation 
was high, however, among experimental years. 
B. Response of the Crop System to Factors of Soil 
Acidity as Modified by Limestone Applications 
The experiments were carried out with a crop system con­
sisting of a wheat and soybean crop sequence with both crops 
grown each year over a five-year period. For simplicity and 
for technical reasons, the response of each crop to the modi­
fied soil acidity factors will be analyzed separately. 
1. Soybean yields as influenced by acidic soil properties 
modified by lime applications 
The average soybean yields for years of experimentation 
for each experimental location are presented in Appendix Table 
A13. The analysis of variance for these data is presented in 
Appendix Table A14. There were general significant soybean 
yield differences due to the lime treatments. The amplitude 
of this effect seemed to vary among the several locations and 
within each location across years of experimentation. A more 
detailed discussion will be presented when analyzing direct 
relationships between lime rate and crop yield data. 
Because of the differences in soybean yields resulting 
from the application of the lime treatments to the acid soils 
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in this study and the effects of these treatments on soil 
properties related to soil acidity conditions, the analysis of 
soybean yields in relation to some modified soil acidity fac­
tors will be done. 
The relationships between some soil properties related 
to soil acidity conditions which are known to influence the 
development of crops will be analyzed by using the soil 
chemical results obtained the second year following lime 
applications. This soil sampling period is considered to be 
representative for the period of years of experimentation in 
this study. The analytical results from this sampling period 
will be related to average soybean data for the years of ex­
perimentation for simplicity reasons. 
The average soybean yields across years of experimenta­
tion, in relation to the lime rate applied to the several lo­
cations, are presented in Tables 8 and 9, for the A and B 
field experiments, respectively. The results from both types 
of field experiments will be pooled when relating soybean 
data to soil properties through regression analysis. 
a. The relationship of soybean yields with soil pH 
The relationships between soil pH values of the 0-12 cm soil 
surface layer and soybean yields in kg/ha and as relative 
yields in percent are presented in Figures 8 and 9, respec­
tively. 
Multiple linear regression analysis techniques were used 
to quantify the soybean yield relationships with the surface 
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Table 8, Average soybean yields across years of experi­
mentation as a function of lime rate for each 
location using experiment type 
Lime PF^  VC^  LV° CA^  JC^  CH^  
rate (10.6) (9.8) (9.5) (6.9) (6.6) (6.0) 
(tons/ha) (kg/ha) 
0 1501 1353 855 2380 2075 3083 
3.1 1874 1643 125 8 2569 2728 3382 
6.2 2713 1863 1504 3276 2902 3487 
12.4 3252 2372 2247 3477 3011 3502 
24.8 3360 2778 2267 35 81 2914 3744 
N^umbers in parentheses represent the original soil lime 
requirement in tons/ha for each experimental location, 
A^verage of 5 years of experimentation. 
A^verage of 4 years of experimentation. 
Table 9. Average soybean yields across five years of experi­
mentation as a function of lime rate for the CX 
location using experiment type 
Lime CX Lime CX 
rate (8.0) rate (8.0) 
(tons/ha) (kg/ha) (tons/ha) (kg/ha) 
0 2140 15 3297 
3 2271 18 3478 
6 2738 21 3252 
9 3079 24 3408 
12 3091 
N^umber in parentheses represents the original soil lime 
requirement in tons/ha. 
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soil values. These relationships were developed for aver­
age yields for treatments and years and the soil analytical 
results from soil samples taken two years after lime applica­
tions. The regression equations obtained are: 
Yield = 717.5210 + l725,8087pH - 287.2850pH^ j (11) 
Rel. yield = 32.3743 + 39.4402pH - 6.2303pH^  . (12) 
Equations 11 and 12 represent soybean yields and relative 
yields, respectively, and pH represents a coded soil pH (pH = 
pH - 3.6). 
The regression equations explain about 68 and 72% of the 
total variation. Additional technical information concerning 
statistical procedures for estimation of the coefficients can 
be found in Appendix Table A15, 
In both regression models all the coefficients for the 
included variables were significant at 0.01 probability level. 
The sign and the magnitude of the coefficients in the es­
timated regression models were consistent with expected tech­
nical relationships. The positive sign for the linear coef­
ficient for the effect of soil pH (pH) indicates a direct re­
lationship between soil pH and soybean yields. The negative 
sign and the magnitude of the quadratic effect of soil pH 
(pH ) indicates, as shown in Figures 8 and 9, that higher 
soybean yields occurred as soil pH increased but at a decreas­
ing rate as maximum yields were approached. Some estimated 
values obtained from equations 11 and 12 are given in Table 10. 
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Table 10, Calculated pH values of the 0-12 cm surface layer 
at which maximum yields and relative yields 
occurred^  
Soil Edfi for maximum 
Regression models soybean yields 
Equation 11 (yield) 6,6 
Equation 12 (rel. yield) 6,8 
Values found by equating ôyield/ôpH = 1725,8087 -
574,57pH, and 8rel. yield/ôpH = 39,4402 - 12.4606pH to zero 
and solving for soil pH values. 
Maximum soybean yields estimated from equations 11 and 
12 were obtained at soil pH 6,6 and 6,8 for yields and rela­
tive yields, respectively. Equation 12 for relative yields 
tended to provide a better estimate (R = 0,724) than equation 
11 for yields (R^  = 0,680), 
The continuous functions calculated from equations 11 and 
12 are illustrated in Figures 8 and 9 and reflect a quite 
similar relationship. Soybean yields tended to be reduced 
markedly as soil pH decreased, especially below pH 5,5. This 
limit represents a soil pH range, as already discussed, in 
which soil aluminum starts to appear in the exchangeable form 
in the soil solution equilibrium. 
These results are consistent with some general recom­
mendations being made (Kamprath and Foy, 1971; Kamprath, 
1971, 1973) and with general experimental results being 
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obtained, as mentioned by Pearson (1975), for the optimvim 
soil pH for most crops grown on highly weathered soils of 
the humid tropics. According to these indications, a general 
recommendation is that soil pH should be maintained around 
5,5 which corresponds to the neutralization of soil aluminum. 
Maximum soybean yields were observed in this study, 
however, at soil values of 6.6 to 6.8, which are higher 
than those required for A1 neutralization. In general, only 
80-90% of maximum yields would be expected to occur at pH 5.5. 
Similar results have been observed mostly in temperate regions, 
as pointed out by McLean (1971), and verified by other authors 
(Younge and Plucknett, 1964b; deMooy et al., 1973). The bene­
ficial effect of the soil pH values around 6.6 to 6.8 for 
maximum soybean yields might be attributed to increased Mo 
availability and perhaps to calcium and magnesium supply, 
among other possibilities (Yuan, 1970; Moschler et al., 1960; 
Kamprath, 1973; McLean, 1971). It is difficult at this point 
to identify specific reasons for such a high pH requirement, 
considering that most of the possible effects are expected to 
occur simultaneously. 
The results obtained in this study represent an inter­
mediary situation between observations verified for typical 
tropical and temperate region soils. The soils included in 
the present study are situated in a subtropical humid climatic 
condition, and this fact may be itself a reasonable explana­
tion. The soils in this study, although being subjected to 
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and representing high weathering conditions, are not so in­
tensively subjected to the higher temperatures which occur 
in typical tropical regions. 
b. The relationship of soybean yields with soil 
aluminum The relationship between soybean yields (Tables 
8 and 9), and surface soil aluminum values expressed as 
percent saturation of soil CEC (Table 3) is illustrated in 
Figure 10, 
Multiple linear regression equations were fitted to the 
relationship of average relative soybean yield data and soil 
aluminum saturation values expressed as percent saturation of 
the soil CEC. Relative yield as a function of percent A1 
saturation is given in the following equation: 
Rel. yield = 90.5997 - 8.1075A1*^  + 0.1097A1 , (13) 
where: A1 is the percent aluminum saturation of the effective 
soil CEC of the 0-12 cm soil surface layer. 
Equation 13 explains 68.7% of the variability for the 
relative soybean yields as affected by percent aluminum satura­
tion values for all locations. Additional information concern­
ing equation 13 is found in Appendix Table Al5. 
The regression model for equation 13 represents a square 
root function which provides a better estimate of the rela­
tive yield data than the quadratic function, particularly at 
very low A1 saturation values. 
The negative sign and magnitude of the square root coef­
ficient for the effect of A1 saturation values on the relative 
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Figure 10. Average relative soybean yields over years as a 
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sentative soil sampling period for each location 
110 
yields explains and quantifies the inverse relationship ob­
served, Maximum soybean development was obtained in general 
at zero A1 saturation and particularly below 5% saturation. 
These values are consistent with the relationships for optimum 
soil pH observed for soybean yields obtained at soil pH above 
5,5 and especially at higher soil pH's of 6,6 to 6.8, 
c. The relationship of soybean yields with exchangeable 
soil Mn Figure 11 illustrates the relationships between 
the average relative soybean yields, calculated from yield 
data presented in Tables 8 and 9, and the exchangeable soil Mn 
content (Table 3) obtained for all locations. The following 
regression model best estimated the relationship between 
relative soybean yields and the exchangeable soil Mn content 
and location effects: 
Rel. yield = 76,4487 + 15,08761^  ^- 0,l064Mn -
0,0ll2MnI^  ^ , (14) 
where : 
M^n ~ groups of experiments with a similar mean exchange­
able soil Mn content (mean Mn content divided by 
100; PF, JC, CA = 0.8; LV = 0,2; CH, CX = 2,3; 
VC = 5), and 
Mn = exchangeable soil Mn of the 0-12 cm soil surface 
layer. 
Equation 14 explains only 21,5% of the variability ob­
served, Although most of the variability of the data remained 
unexplained by the regression model, the coefficient of deter-
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2 
mination (R ) was significant at the 0.01 probability level. 
The term was retained in the model to account for some 
variability among soils with different Mn contents because 
it was shown that this aided in explaining the effect of soil 
pH on exchangeable soil Mn values (Figure 7). 
Relative yield data of soybeans show, in general, a low 
(linear) response to exchangeable soil Mn as illustrated by 
the sign and magnitude of the coefficient but the coefficient 
was significant at the 0,05 probability level. The inverse 
relationship between relative yield and increasing soil Mn 
content is consistent with agronomic expectations. The mag­
nitude of this relationship tended to vary among locations, 
as shown by the negative sign and magnitude of the coefficient 
for interaction term, Mn*I^ .^ Soybean yield was reduced es­
pecially as soil Mn contents increased for the higher Mn con­
tent soils, e.g., at the VC experimental location. Addi­
tional information about equation 14 is given in Appendix 
Table A17. 
d. The relationship of soybean yields with soil acidity 
factors Yields and relative yield of soybeans were re­
lated to soil pH, A1 and Mn. From the derived relationships, 
it seems that the exchangeable forms of soil A1 expressed as 
a percent saturation of soil CEC were the major soil acidity 
factors affecting soybean yields in this study. 
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2. Wheat yields as influenced by acidic soil properties 
modified by lime applications 
The average wheat grain yields for years of experimenta­
tion for each experimental location are given in Appendix 
Table A18. 
Variation was high in wheat grain production and was 
associated with the general occurrence of diseases which were 
related to high relative humidity and temperature, especially 
during the latter stages of plant development. This condi­
tion was common for all wheat grown during 1972, and also 
occurred in 1975, 1976 and 1977. 
The analysis of the data becomes complicated due to the 
occurrence of take-all disease in wheat which appears in the 
second and third year after lime applications as shown in 
Appendix Table A19. Take-all in wheat is known to be caused 
by a soil fungus belonging to the Ophiobulus genera. This 
pathogen has its most favorable conditions for development 
around soil neutrality to alkalinity, as has been reported by 
Garret (1942), and this fact explains the relationships found 
between soil pH and the incidence of the disease. 
The complex disease incidence during the several experi­
mental years makes it difficult to isolate these effects in 
analyzing data obtained over several years. Because of this, 
the main concern will be to evaluate the wheat crop yields by 
trying to reduce or exclude as much as possible the effects 
of disease by selecting data from experimental years and 
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locations that did not have significant grain yield limita­
tions. The selected average data and also the actual average 
data and associated average take-all incidence are presented 
in Table 11. 
The analysis of variance is presented in Appendix Table 
A20 for the average wheat grain yields from selected years 
without significant yield limitations due to the disease occur­
rence. At five of the experiment locations, significant dif­
ferences in wheat yields were observed and probably were 
associated with the lime rate applied to the acid soils in 
this study. 
In general, no significant wheat yield differences at 
a 0.30 probability level were observed for the lower lime re­
quirement soils at the JC and CH locations. 
Because there were some differences in wheat grain yields, 
this justifies analyzing the experimental data to further es­
tablish and quantify some relationships with the soil proper­
ties which have been shown to be modified by the lime appli­
cations to the acid soils in this study. 
a. The relationship of wheat yields with soil pH The 
relationship of relative grain yields for the actual and se­
lected average data and incidence of take-all disease (Table 
11) with soil pH (Table 3) are shown in Figures 12 to 14. 
The relationship of soil pH with average relative wheat 
grain yields from each of the experimental locations is illus­
trated in Figure 12. Multiple linear regression equations 
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Table 11. Average actual and selected wheat yields and take-
all incidence in wheat over years of experimenta­
tion as a function of lime rate for each location 
Experi­
ment 
location 
Original 
soil lime 
require­
ment 
Lime 
rate 
Take-all 
incidence 
Actual Selected 
average average 
yield^  yield^  
(tons/ha) (%) (kg/ha)' 
PF 10.6 0 
3.1 
6.2 
12.4 
24.8 
0.1 
0.9 
3.1 
18.4 
44.1 
1158 
1394 
1331 
1105 
838 
1943 
25 80 
2735 
2803 
2683 
VC 9.8 0  0 . 8  
3.1 5.0 
6.2 16.9 
12.4 18.4 
24.8 39.7 
1003 1079 
1093 1209 
987 1312 
953 1275 
731 1277 
LV 9.5 0 0.5 
3.1 8.6 
6.2 21.6 
12.4 33.8 
24.8 45.9 
1264 1323 
1404 2370 
1242 2353 
1011 2373 
788 1827 
CX 8.0 0 12.1 
3 30.0 
6 30.2 
9 42.0 
12 39.5 
15 44.8 
18 57.2 
21 53.5 
24 54.7 
1145 1125 
934 1517 
970 1568 
879 1578 
898 1580 
807 1481 
661 1437 
698 1240 
804 1554 
CA 6.9 0  0 . 0  
3.1 0.5 
6 . 2  0 . 0  
12.4 0.0 
24.8 7.4 
1499 2170 
1525 2216 
1460 2121 
1350 1937 
1366 2078 
A^verage of 5 years of experimentation for each location. 
S^elected years of experimentation without significant 
occurrence of diseases: PF, 1971; JC and CA, 1971, 1973, 1974, 
LV, 1973; VC, 1972-1974; CH and CX, 1973, 1974. 
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Table 11. (Continued) 
Original 
Experi- soil lime Actual Selected 
ment 
location 
require­
ment 
Lime 
rate 
Take-all 
incidence 
average 
yield 
average 
yield 
(tons/ha) (%) • (kg/ha) 
JC 6.6 0 0.0 1546 2123 
3.1 0.0 1606 2226 
6.2 0.0 1638 2217 
12.4 0.0 1535 2061 
24.8 0.0 1682 2288 
CH 6.0 0 0.0 866 1343 
3.1 0.0 876 1332 
6.2 0.0 883 1292 
12.4 0,0 763 1125 
24.8 0.0 801 1112 
were fitted to the data to quantify the relationships of 
relative wheat yields and soil pH values determined on samples 
taken from the 0-12 cm soil surface layer two years after 
lime application. The following regression model was 
obtained ; 
Yield = 74.3660 + 8.5575pH - l.SSSVpH^  , (15) 
where: 
yield = actual average relative wheat grain yields in %; 
and 
pH = soil pH of the 0-12 cm soil surface layer. 
Equation 15 explains only 15.3% of the total variability 
of the experimental data. Wheat relative yield data, as 
shown by equation 15, were not significantly dependent on 
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soil pH at the 0,30 probability level. The overall signifi­
cance at the 0,01 probability level for the regression model, 
2 
as shown by the coefficient of determination (R = 0,153), 
could be an indication of other associated effects with soil 
pH, e,g., the average relationships of soil pH with take-all 
incidence in wheat (Figure 13), 
The continuous function drawn in Figure 12 shows a gen­
eral trend for the relative wheat yield to be reduced as soil 
pH is increased, especially as the soil pH nears neutrality 
(pH 6 to 7), This relationship agrees with Garret (1942) 
and is further illustrated in Figure 13 which shows the rela­
tionship of soil pH with take-all incidence in wheat. 
According to Garret (1942), field evidence on the rela­
tion of take-all to soil reaction is scanty but consistent in 
indicating that the disease is favored by an alkaline soil. 
This has been confirmed by observations of Brittlebank, 
Rosen, Elliot and Kirby, as mentioned by the above author. 
The relationship of relative wheat yields for yields 
without significant limitations caused by diseases (Table 11) 
with soil pH is shown in Figure 14. The following regression 
model best estimated the relationship observed: 
Rel, yield = -103,2344 + 68.7496pH - 6,l782pH^  , (16) 
where 
Rel. yield = average relative wheat grain yields in % 
for selected experimental years per location 
without significant occurrence of diseases; 
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and 01 = soil pH of the 0-12 cm soil surface layer. 
Equation 16 explained only 16,1% of the variability of 
the experimental data; however, all coefficients were sig­
nificant at the 0,01 probability level. The sign and magni­
tude of the coefficients indicate a quadratic type of rela­
tionship between relative wheat yield and soil pH, This type 
of response represents increasing relative wheat yields at a 
decreasing rate up to a maximum as soil pH increases. 
Maximum relative wheat yields occurred around soil pH 
5,6, as calculated from equation 16, Soil pH either below or 
above soil pH 5,6 tended to be unfavorable for crop yields as 
indicated in Figure 14, Soil pH values, especially below pH 
5, were probably associated with the negative effects of soil 
A1 on wheat yields. Although the data were selected to reduce 
or eliminate the effects of disease occurrence, it seems that 
there are still some indirect negative effects on yield re­
lated to soil pH above 6.0 and these are due probably to 
take-all occurrence, as indicated in Figure 14, According to 
Garret (1942), the evaluation of take-all incidence only 
through aerial plant symptoms, as was done for these experi­
ments, may not totally represent the occurrence of the disease 
in the root system. Aerial symptoms may occur later or never 
occur clearly under some circumstances, although the plant 
root system may already be infested. 
Additional information on equations 15 and 16 is given 
in Appendix Table A21. 
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b. The relationship of wheat yields with soil aluminum 
The relationship of relative wheat yields for selected ex­
perimental years without any significant disease influence 
(Table 11) with the surface soil aluminum values expressed 
as percent saturation of soil CEC (Table 3) is illustrated 
in Figure 15, Multiple linear regression equations were 
fitted to the data to quantify the relationship. The followr 
ing regression model best estimated the relationship between 
relative wheat yields and A1 saturation values: 
Rel, yield = 84,1459 + 0.2710A1 - 0.169A1^  , (17) 
where; 
Rel, yield = average relative wheat grain yields for 
selected experimental years per location 
without significant occurrence of diseases; 
and A1 = percent aluminum saturation of soil CEC of 
the 0-12 cm soil surface layer for soil 
samples collected the second year after 
lime applications. 
Equation 17 explains only 14.8% of the variability of the 
experimental data but the coefficient of determination (R ) 
was significant at the 0,01 probability level. Although only 
the quadratic term for the effect of soil aluminum (A1 ) was 
significant (0,01 probability level), the linear term was re­
tained in the model to provide a continuous function. The 
low value for R indicates low sensitivity of the wheat culti­
va r grown in this study to the soil aluminum levels found in 
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these soils. Only at A1 saturation values greater than 20% 
did significant crop yield limitations tend to occur. 
The results are consistent with observations of Foy et 
al. (1965) who worked with several wheat cultivars including 
some from Brazil. According to these authors, the Brazilian 
wheat cultivars, in general, showed very good adaptation to 
soil acidity conditions. Additional information concerning 
regression equation 17 is given in Appendix Table A22. 
c. The relationship of wheat yields with exchangeable 
soil Mn The relationship between average relative wheat 
yields, obtained from selected experimental years without a 
significant influence of diseases (Table 11), and exchangeable 
soil Mn, obtained from soil samples collected two years after 
lime applications (Table 3) for all experimental locations, 
is illustrated in Figure 16. 
Several multiple linear regression models were fitted to 
the data to estimate the above relationship, but none provided 
a rational fit. Although Appendix Table A23 presents the 
"best" regression model obtained, it will not be discussed in 
detail due to the reasons presented above. Crop yield varia­
tion was too great, probably due to the occurrence of dis­
eases which made it difficult to evaluate other effects. The 
only data showing some agronomic meaning were from the VC 
location in which some inverse relationship could be observed 
for wheat yields in relation to higher soil Mn contents. 
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Figure 16, Average relative yields of wheat not affected by 
diseases for years as a function of exchangeable 
soil Mn of the 0-12 cm soil surface layer at 
representative soil sampling period for each 
location 
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3. The effect of soil acidity on wheat and soybean yields 
when the two crops are grown in a cropping system 
Crop yields have been analyzed mostly in the framework 
of specific wheat or soybean responses to the acid soil en­
vironment and to the soil acidity factors as they were modi­
fied by liming the acid soils in this study. This approach 
may be useful when these crops do not constitute part of a 
crop management system. 
Soybean and wheat responded differently to changes in 
the soil environment induced by lime applied to the acid 
soils in this study. "Optimum" soil pH for crop yields 
varied with the species tested. Maximum soybean yields 
occurred around soil ^  6.6 to 6.8, and a soil pH below 5.5 
caused marked yield limitations. This lower soil pH limit 
corresponded to the general soil pH below which soil aluminum 
was present in exchangeable forms and also at which the wheat 
crop presented maximum yields. 
The wheat crop showed a low yield response to changes in 
the soil acidity factors induced by lime applications, and 
this observation agrees with the general concept of a high A1 
tolerance generally found in Brazilian wheat cultivars. At 
high soil pH values, as those observed for maximum soybean 
yields, there was an increased incidence of take-all in wheat, 
which resulted in depressed yields. 
Up to this point, soil environmental conditions have been 
described, discussed, and evaluated in terms of soil acidity 
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factors which were affected by lime applications to the acid 
soils in this study. Additional consideration will be given 
to the quantification of the yield responses to lime applica­
tions for the soil conditions and crops involved. The soil 
property relationships which have been established will be 
utilized to understand and quantify the results in further 
discussion. 
C. Wheat and Soybean Yields as a Function of 
Lime Rates Applied to Acid Soils 
Soybean and wheat crops were shown in previous sections 
to have different requirements with respect to acidic soil 
factors for favorable or optimum yields. 
From a practical point of view, considering the way 
liming has been recommended and used at the farm level, it 
would be helpful and useful to determine the input-output 
relationships for lime use for specific soil and crop manage­
ment practices. 
1. Soybean response as a function of lime applied to acid 
soils 
The soybean yield responses to lime rates applied at 
each experimental location for years of experimentation are 
given in Appendix Table A13. The analysis of variance for 
these data is presented in Appendix Table A14. 
There were significant soybean yield differences related 
to the lime rates applied at each experimental location, and 
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the block effect was significant (0,10 probability level) 
only at the PF location. 
There were no significant yield differences due to the 
general effect of years following lime applications or re­
sidual years for all locations as expected. This variability 
would be associated with weather effects or other causes that 
could be different for groups of experiments which were started 
in different years. Mean yield differences among experimental 
years for each location were "adjusted" in relation to the 
overall mean of the experiment, 
A significant effect of the interaction lime vs. residual 
years for most of the experimental locations means that the 
initial soybean yield responses to lime at these locations 
differed from the yield responses to the residual effect of 
lime. This effect seemed to be more pronounced for the high 
lime requirement soils. 
A combined analysis of variance was not considered neces­
sary to indicate the obvious soybean yield differences and 
yield responses to lime among experimental locations. The 
main concern is to quantify the yield responses for each lo­
cation and especially the differences in response among loca­
tions and to relate these differences to some practical and 
measurable soil variable other than just site effect, 
Bartlett's test was utilized to evaluate the homogeneity 
of variance for soybean yields, for years for each field ex­
periment, and for the pooled experimental locations. These 
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results are given in Appendix Table A24, 
2 In three experiments (LV, VC, CX) the X values were 
significant at the 0,01 probability level, for the CH location 
the X value was significant at the 0,05 probability level, 
2 for two experiments (PF, JC) the X was significant only at 
2 the 0,10 probability level, and no significant X value at 
the 0,30 probability level was found for the CA location. 
The X was significant at the 0,01 probability level 
when all experimental data were combined, indicating some 
heterogeneity of variances, but this value was not much dif-
ferent compared to X values found for individual experiments. 
Theoretically, the heterogeneity of variance would impose 
restrictions or require special consideration when interpret­
ing experimental results obtained across time and from several 
locations as in this study. This consideration has been men­
tioned by Cochran and Cox (1957), and Laird and Cady (1959). 
Some variability of this kind can be expected, however, up 
to some point, when dealing with field experiments conducted 
across time at the same locations. This variability could 
have some significance when interpreting the magnitude of 
some coefficients in the regression models used to quantify 
production function relationships. Practically, considering 
the kind of study involved, not very serious consequences are 
expected from these problems. 
Multiple linear regression techniques were utilized to 
estimate the yield response of soybeans to lime rates applied 
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to each experimental location and also for all locations. 
The functions, quantifying these relationships for each ex­
perimental location, are shown in Table 12. These regression 
models explain between 25.6 and 83% of the total experimental 
variability in soybean yields, as shown by the R values. 
All models, in general, explain the yield differences observed 
as indicated by the significance of the R value at the 0.01 
probability level. 
The quadratic type of response to lime rates was a char­
acteristic for the observed soybean yield data variation at 
each location. Soybean yield responses to lime were signifi­
cant at the 0.01 probability level at all experimental loca­
tions, but the magnitude of the response seemed to vary 
among locations, as indicated by the differences among the 
2 linear coefficients for lime effect and the R values for the 
equations. 
Soybean yield differences due to years after lime appli­
cation for each location were not large as would be expected 
due to the mean yield adjustments which were made for years 
for each location. 
The magnitude of the effect of lime vs. residual years 
effect (L*Ry) on soybean yields varied among locations from 
nonsignificant to significant values. 
The coefficient for the quadratic effect of lime rate (L ) 
on soybean yields was consistent with agronomic expectations 
and it was significant mostly at the 0.01 probability level, 
Table 12. Regression equations for estimating the effect of lime rates applied to 
the different field locations on soybean yield for each experiment ad­
justed for mean differences among experimental years within each location 
Orig. 
Exp. lime 
loc. req. Intercept 
Regression coefficients (std. error) 
Ry L*Ry R 
(tons/ha) 
PF 10.6 1550.55070 
VC 9.8 1337.77128 
LV 9.5 1282.89405 
CX 8.0 2257.11904 
CA 6.9 2334.27564 
JC 6.6 2410.04763 
CH 6.0 3014.94628 
206.78304**^  
(19.68508) 
103.24538** 
(18.22144) 
106.98973** • 
(22.07418) 
110.96071** 
(21.38227) 
144.81352** 
(24.00235) 
101.38534** 
(22.76894) 
62.33555** 
(21.47658) 
-39.40740ns 
(40.80412) 
-192.09746** 
(58.15942) 
-75.43111+ 
(52.77122) 
-64.84083+ 
(47.19649) 
49.70167/ 
(44.51761) 
4.24166+ 
(3.19240) 
20.15186** 
(4.47389) 
6.29056++ 
(3.69472) 
6.96955++ 
(3.69252) 
-5.35000 + 
(3.48294) 
-5.71622** 
(0.64888) 
-1.81172** 
(0.68748) 
-3.93813** 
(0.72100) 
-3.04592** 
(0.77207) 
-3.82450** 
(0.90559) 
-3.83778** 
(0.75053) 
-0.95105+ 
(0.70793) 
0.830** 
0.673** 
0.764** 
0.489** 
0.563** 
0.422** 
0.256** 
L = lime rate in tons/ha; and Ry = residual years from 1 to 5 for the respec­
tive year following lime applications. 
S^ignificance levels are: **, P < 0.01; *, F < 0.05; ++, P < O.lO; +, P < 0.20 
/, P < 0.30; ns, P > 0,30. 
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except for the low lime requirement soil at the CH location for 
which it was significant only at the 0,20 probability level. 
All of the functions presented in Table 12, estimating 
the soybean yield response to lime rates applied to all ex­
perimental locations, indicate generally that the greatest 
response of the soybean cultivar used was most pronounced 
at the lower lime levels and increased at a decreasing rate 
as maximum yield was approached. 
Thus far we have discussed soybean responses to lime 
applications only at the experimental location level and 
evaluated these responses by use of specific regression 
models, as presented in Table 12. Multiple linear regression 
equations were fitted to the combined experimental data for 
all locations and years of experimentation. The following 
function best estimated the observed soybean yield responses 
to lime and the location effects: 
Ys = 1289.4853 + 808.2984I„ - l69.9874Lr + 38.5701L -
o 3. 
28.0997Ry + 9.8265LLr + 3.7655LRy - 3.2588l  ^, (18) 
where : 
Ys = soybean yields in kg/ha; 
= classification variable for mean yield variation among 
a a 
locations with significant overall average yield 
differences (mean yield divided by lOOO: LV, VC = 
1.8; PF, JC, CA, CX = 2.8; CH = 3.4); 
L = lime rate in tons/ha; 
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Lr = original soil lime requirement in tons/ha to bring 
soil pH to 6; and 
Ry = residual years from 1 to 5 for the respective year 
following lime applications. 
Additional details for equation 18 are presented in Appendix 
Table A25. 
Equation 18 explains 73% of the variability in the soy­
bean yield data. The dummy variable, was retained in 
the model because it helped account for more variation, but it 
does not have any special technical meaning other than related 
to soil and region general effects. 
Soybean yields tended, in general, to be significantly 
reduced (0.01 probability level) in relation to a high lime 
requirement soil condition (Lr). This effect may be coinci­
dent with the climatic region where some of these soils occur, 
resulting in a lower yield potential for the cultivar in 
that region. 
The effect of time after lime applications or the residu­
al years, Ry, was small, as expected, considering the adjust­
ment made in the data. 
The soybean responses to applied lime were represented by 
a quadratic type of response, as indicated by the positive 
sign and magnitude of the linear coefficient for lime, L, and 
the negative sign and magnitude of the coefficient for the 
2 quadratic term, L . Both coefficients were significant at the 
0.01 probability level. 
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Soybean yield response to lime increased as the lime 
requirement, Lr, increased as shown by the positive sign and 
significance (0.01 probability level) of the coefficient for 
the interaction lime with lime requirement (LLr). Figure 17 
illustrates the effect of the interaction lime vs. lime re­
quirement on soybean yields. The responses to lime tended 
to increase for the higher lime requirement soil conditions 
tending to approach nearly a linear response. This effect 
seemed to be a result of the lower yields at the no-lime con­
dition and of maximum soybean yield values occurring towards 
higher lime rates on the high lime requirement soils. Esti­
mated maximum soybean yield values tended to be at higher lime 
rates for the high lime requirement soils, as presented in 
Appendix Tables A26 to A28. 
Soybean response to lime applications also tended to 
change in relation to years after lime applications. These 
changes are indicated by the positive sign and magnitude for 
the coefficient of the interaction term, LRy, which was sig­
nificant at the 0.05 probability level. This effect is re­
flected by the predicted maximum soybean yields occurring at 
higher lime rates in relation to years after lime applications. 
This expected relationship is shown by the predicted soybean 
yields, calculated from equation 18, shown in Appendix Tables 
A26 to A28. 
Figure 18 illustrates the changes in the response surface 
occurring for the lime rates applied and evaluated in relation 
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Figure 17. Average soybean yields for years and locations as 
a function of lime rates for different soil lime 
requirements 
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Figure 18. Soybean,yield as a function of lime rate and years 
after application for a lime requirement of 8 tons 
per hectare 
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to time after the lime applications. The response became 
more linear as residual years increased. This might be 
indicative of a loss in efficiency of lime with time after 
application. According to the values estimated by equation 
18 and illustrated in Figure 18, this trend could be inter­
preted and attributed to possible losses of lime, especially 
at higher lime levels. This would be in accord with the ob­
servations of other authors who have worked with acid soils 
in tropical humid regions (Johnston et al., 1949; Volk, 1951; 
Grant, 1970; Younge and Plucknett, 1964a; Kamprath, 1972). 
There is not enough experimental evidence to prove the 
possibility of loss of lime, however. By examining the 
results from the PF location, especially, another possibility 
for the changes in response may be given. The quadratic re­
sponse seems to change towards a cubic type of response when 
comparing results from the first year with those from the 
other experimental years. This change in response indicates 
that the lower lime rates lose efficiency through time for 
correcting soil acidity. This is probably due to the re-
acidification process in the soil or to loss of bases from the 
soil. This may be a special factor to consider because of the 
very fine particle size distributions of the limestone materi­
al used in this study. Also, the crop residues resulting 
from the harvesting operations were never returned to the ex­
perimental plots and this could be an additional factor 
accounting for base removal from the soil. This possibility 
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would be in accord with the literature dealing with this 
kind of problem on similar type of soils. This trend when 
evaluated only by quadratic functions may result in an in­
creased trend for yield response to lime over time as shown 
in equation 13, due to the least squares technique estimation 
procedures. 
The last alternative for explaining some response surface 
changes due to time effect seems to best fit the observed 
data. Additional soil laboratory determinations and addition­
al data would be required if further analysis on the subject 
is to be explored• 
The regression models estimating the soybean response to 
lime rate applied to each location (Table 12) did not contain 
a variable for block effect, although the experimental design 
did include block effect. A variable for blocks was not in­
cluded because of the low effect shown by the analysis of 
variance presented in Appendix Table A14. Although in some 
cases block effect may be significantly present and its in­
clusion in some models could increase the precision of the 
estimations of coefficients, this usually has not been done 
when dealing with regression models in which prediction is 
the main objective. Measurable and practical variables should 
be selected. 
Appendix Table A29 presents some values for the several 
regression models already discussed and some modifications 
that could result if block effect were included in the models. 
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2 No marked changes of the R values are shown when including 
block effect in the yield functions. 
2. Wheat response as a function of lime applied to acid 
soils 
The wheat grain yield data for experimental years and 
locations in relation to lime rate applied to each field ex­
periment are given in Appendix Table Al8, 
Marked wheat yield differences were observed for some 
experimental years. Extreme yield limitations were associated 
with the occurrence of crop diseases that were favored by cli­
matic conditions, especially in 1972 but also in 1975 to 1977. 
In addition to these general yield limitation problems, 
the incidence of take-all disease in wheat was observed in 
most of the experiments. This disease, as discussed previ­
ously, is caused by a soil fungus of the Ophiobulus genera 
that has been demonstrated to develop especially under high 
soil pH conditions which can be a result of the lime treat­
ments (Appendix Table A19), 
The occurrence of take-all disease caused great varia­
bility in the yield data and would make the overall analysis 
of the experimental data by standard statistical procedures 
very difficult to be accomplished. Testing of homogeneity of 
variances, similar to that done for soybean data, was not 
performed because the obvious large yield differences which 
were related more to other uncontrollable effects than to the 
treatments. 
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A multiple linear regression analysis was performed 
just to illustrate some general data relationships for the 
overall experimental data obtained, although there are serious 
limitations for interpreting this analysis. The "best" 
function was represented by the following regression model; 
Yw = 468.8280 + 123.4255Lr - 124.1239Ry + 25.3888L -
l5.07l7Tk - 3.0764LLr + 1.6498RyTk , (19) 
where: 
Yw = wheat yield, kg/ha; 
Lr = original soil lime requirement in tons/ha to bring 
soil pH to 6; 
Ry = residual years from 1 to 5 for the respective year 
following lime applications; 
L = lime rate in tons/ha; and 
Tk = take-all incidence in wheat in percent area with 
symptoms. 
Additional information about this regression model is given in 
Appendix Table A30, 
Considering the limitations of the data used in the 
analysis, only some of the main relationships shown in 
equation 19 will be discussed. 
Equation 19 illustrates the significant negative effect 
on wheat yields by the occurrence of take-all (Tk). Lime 
effect, L, was significant only at the 0.20 probability level 
as would be expected if the yield and soil pH relationships 
are considered. 
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The occurrence of take-all in wheat was observed to be 
an important aspect in the present study because of the mag­
nitude of the yield limitations and especially for the in­
direct relationship shown for the lime treatments. 
Multiple linear regression equations were fitted to the 
data for take-all incidence as a function of the lime rates 
applied to all locations. The following equation best esti­
mated this relationship J 
Take-all = -32.8052 - 9.27941s + 28.9l43Ry + 2.4184L + 
0.307LRy + 3.8884IsRy - 0.051? -
6.3367Ry2, (20) 
where; 
Take-all = incidence in percent of area with symptoms; 
Is = classification variable ranging from 1 to 7 
for the location effect; 
Ry = residual years from 1 to 5 for the respective 
year following lime applications; and 
L = lime rate in tons/ha. 
Additional information about equation 20 is given in Appendix 
Table A31. 
All the coefficients in equation 20 were significant at 
the 0,01 probability level, except the quadratic effect for 
lime rate (L ), which was significant at the 0.05 probability 
level. Among the main relationships shown by equation 20 are 
the increasing incidence of the disease related to lime rates, 
which gave a quadratic type of response, and the intensifica­
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tion of the disease in relation to lime rates as years of 
experimentation increased. Figure 19, obtained from the 
estimated take-all values from equation 20, illustrates these 
relationships. A slight decrease in the incidence of the 
disease tended to occur as shown in Figure 19 for the inter­
mediate to lower lime levels in relation to later experi­
mental years. This decline in incidence could be attributed 
perhaps to biologic competition among pathogens under less 
favorable conditions or to other unidentified causes. 
In order to avoid the major statistical problems related 
to the extreme variability of the experimental wheat grain 
yield data, data from experimental years for each location 
without marked crop yield limitations or significant occur­
rence of take-all were selected. These data have been pre­
sented in Table 11 as average wheat grain yield data across 
selected experimental years per location in relation to the 
lime treatments. The analysis of variance for these data is 
given in Appendix Table A20. 
The differences among wheat yields as probably related to 
the lime treatments and evaluated for the selected experiment­
al years data were not great, as would be expected, consider­
ing the tolerance to soil acidity factors by the cultivar 
used in this study. At three experimental locations of VC, 
JC and CH no significant yield differences due to lime treat­
ments were observed. 
Although not very pronounced wheat yield differences 
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Figure 19. Take-all incidence in wheat as a function of 
lime rate and years of experimentation 
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•were observed and were related to lime treatments, multiple 
linear regression equations were fitted to the data to evalu­
ate and estimate the relationships involved. The "best" 
function estimating the wheat yield data relationship to 
lime rates is shown in Appendix Table A32 for each location. 
These equations explained 27.2 to 48% of the variability in 
the yield data, and the responses to lime varied from being 
nonsignificant (JC, probability level greater than 0.30) to 
significant at the O.Ol probability level. The sign and mag­
nitude for the linear effect of lime, L, was not consistent 
for all locations, however, and there were some negative and 
positive yield responses to lime treatments. 
The following regression model best described the rela­
tionship of average wheat grain yields from selected experi­
mental years per location to the lime rates applied to all 
locations ; 
Yw = 1500.5365 + 35.0741Lr - 28.9792L + 4.8535LLr -
0.5048L^  , (21) 
where: 
Yw = wheat grain yields in kg/haj 
Lr = original soil lime requirement in tons/ha to bring 
soil pH to 6 ; and 
L = lime rate in tons/ha. 
Additional detail is given in Appendix Table A33. 
2 The low R value of 0.075 for the equation 21 is also 
indicative of the general low yield differences obtained. 
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Only the interaction effect of lime vs. lime requirement 
(LLr) in the model showed any significant effect (probability 
level of 0,20) on wheat yields, indicating some difference in 
yield response to lime for different lime requirement soils. 
The other terms in the model were retained mainly for illus­
tration purposes but also for technical reasons. 
3. Response of soybean and wheat in a cropping system as a 
function of lime applied to acid soils 
The yield responses to liming for wheat and soybeans 
grown in a crop sequence already have been discussed and 
evaluated in relation to soil acidity factors as modified by 
liming. The relationships were quantified for each crop by 
linear regression analysis procedures. 
The two crops produced quite unique responses to liming, 
as expected, considering the species and also the specific 
requirements for the cultivar. These differences were shown 
in yield equations 18 and 21 for soybeans and wheat, respec­
tively. These equations quantified the individual soybean and 
wheat yield responses to lime and represent two distinct pro­
duction function relationships. 
The production functions estimating the responses of 
either crop to liming, as represented by equations 18 and 21, 
could not be combined as such to represent the aggregate crop 
system production function relationships. For this case, both 
functions should be expressed in equivalent measurement units, 
e.g., in monetary terms. Assuming the expected soybean yield 
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values estimated by equation 18 to be equivalent to Ys, and 
the corresponding values for wheat from equation 21 to be 
equivalent to Yw, and also the expected prices for soybeans 
and wheat to be equivalent to Ps and Pw, respectively, the 
total value product production function representing the crop 
system could be expressed as follows: 
TVP^ sw = [(Ys.Ps) + (Yw.Pw)] (22) 
By using equations 18 and 21, the relationships actually 
would be expressed by the following equation; 
TVPA = [(1289.4853 + 808.29841- - l69.9874Lr + 
YSW o3. 
38.5701L - 28.0997Ry + 9.8265LLr + 3.7655LRy -
3.25 88L^ )(Ps)] + [(1500.5365 + 35.0741Lr -
28.9792L + 4.8535LLr - 0.5048L?)(Pw)] , (23) 
where: TVP^ ^^  = total product value of the production func­
tion expressed in monetary units. 
The general production function 23 for the wheat and 
soybean crop sequence system was established for wheat on the 
basis of average selected experimental years data in an 
attempt to remove undesirable data variability which is very 
difficult to quantify in terms of production function. Take-
all incidence in wheat was shown to be related to liming, 
however, and its inclusion in the model could induce some 
changes in the final estimated production function relation­
ships . 
Take-all occurrence varied among locations, however, and 
# 
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it was not observed in some field experiments. This fact 
could indicate that other factors were involved, and also that 
it would be necessary to analyze this effect by assuming 
stochastic characteristics in terms of probability of occur­
rence and risks involved. 
The relationships, presented in general terms in equation 
22, already include the two major "sources" of uncertainty, 
yield and product price expectations. These kinds of con­
siderations take part in the so-called decision making pro­
cesses and will be analyzed later. 
D. Some Technical and Economic Considerations Based on 
the Estimated Production Function for Soybeans and 
on the Aggregate Production Function 
Representing the Crop System 
1. Production function relationships and related technical 
and economic implications 
The type of production function evaluated for the crop 
system in relation to liming acid soils in this study was 
represented by a quadratic type of response and mainly re­
flected the soybean relationships to liming because the major 
crop yield differences were observed for soybeans. Thus, 
major attention will be given to the production function rela­
tionships obtained for soybean yields but also the characteris­
tics of the experimental data will be considered. Some con­
sideration will be given to the wheat crop mainly as a part 
of the aggregate crop system production function. 
The quadratic type of production function implies decreas­
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ing returns to scale within most of the experimental product-
factor relationships. This segment of the production function 
corresponds to decreasing marginal physical products, even­
tually reaching zero value at the point of the curve repre­
senting maximum physical products. 
At this stage, we will be dealing mostly with the section 
of the production function in which decreasing marginal 
products are expected (Stage II of the production process as 
mentioned by Doll and Orazem, 1978; Heady, 1952; and others). 
Stage III of the production process, which represents de­
creasing total physical products (negative responses), will be 
related to the wheat yields as a part of the integrated crop 
system in relation to lime rate which is estimated to be ' 
optimal for soybean yields. This will be represented by the 
aggregated crop system production function. 
The main economic factor-product relationships derived 
from the established production functions will be related 
only to variable costs of production utilizing marginal analy­
sis as the main tool for the analysis of the estimated rela­
tionships. Maximum and minimum rational input utilization 
levels, as mentioned by Heady (1952), will not be discussed 
here considering the lack of economic-related information. 
The technical and economic relationships derived from 
the estimated production function relationship will be pre­
sented and discussed mostly in terms of a general value. No 
concern will be given at this point to associated confidence 
149 
intervals or other measures of reliability to the estimated 
values, considering the kind of data available, the type of 
study involved, and the level of discussion proposed. Lime 
recommendations mostly have been presented by the Official 
Soil Testing Laboratories in terms of a general suggestion 
considering some soil acidity conditions and the crop involved. 
Other additional factors, as related to the specific farm 
conditions, have to be considered at the local level. 
2. Optimum lime rate allocation based on soybean production 
function relationships 
As anticipated, the efficiency of liming throughout time, 
which in this case is evaluated by crop yields, is best quanti­
fied by the most sensitive crop evaluated. This conclusion 
was affirmed and no marked differences in terms of the main 
production function relationships were noticed by including 
or excluding the wheat crop data in the aggregated crop system 
production function. 
The concept of optimal allocation of resources may vary 
according to the "choice indicators" used, as discussed by 
Heady (1952). In our specific case, the optimal lime rate 
allocation will be analyzed as discussed by Pesek et al. 
(1960). 
Pesek et al. (1960) suggested that for certain types of 
resource allocation, in which residual effects are important 
and returns from initial investment are expected through time, 
discounting values for future returns should be considered as 
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a way to make present comparisons possible. 
In our case, the quadratic type of production function 
was estimated to express the product-factor relationships. 
For these circumstances the total discounted yields for the 
five years of the study period were compounded by summing the 
discounted coefficients of corresponding terms in the equa­
tions, which represented the different production periods 
(years) for the time in which this study was conducted. The 
described relationships were compounded for different dis­
counting rates. 
The optimal lime rate allocation was calculated by taking 
the equation representing the total discounted or "effective" 
production function for some discounting rate, equating the 
first partial derivative of Y (yields) with respect to X 
(lime), ôY/ôX, to the chosen input/output price ratio (Px/Py) 
relationships, and solving for the lime rate (X) value. 
Table 13 presents some optimal lime rate allocations, as 
estimated by the soybean production function relationships 
(equation 18) for different production periods of 3 and 5 
years, several annual discounting rates from 10 to 50%, 
different lime requirement soils, and different input/output 
price ratios. Appendix Table A34 gives the several total dis­
counted value yield production functions for corresponding 
production periods and discounting rates. 
The optimal lime rate allocation increased in relation 
to the original soil lime requirement values, as would be 
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Table 13. Estimated optimum lime rate for soybeans for dif­
ferent lime requirement soils for production 
periods of 3 and 5 years at varying input/output 
price ratios and for different discounting rates 
Production period 
3 years 5 years 
A^ ual Soil Input/output price ratio disc. lime c- c 
rate req. 40 60 80 100 120 40 60 80 100 120 
(%) (tons/ha) (lime rate, tons/ha) 
5 12 11 10 8 7 13 13 12 11 10 
6 14 12 11 10 9 15 14 13 12 12 
7 15 14 13 11 10 16 16 15 14 13 
8 17 15 14 13 12 18 17 16 16 15 
9 18 17 16 14 13 19 19 18 17 16 
10 20 18 17 16 15 21 20 19 19 18 
5 12 10 9 7 6 13 12 11 10 9 
6 13 12 10 9 7 14 13 12 11 10 
7 15 13 12 10 9 16 15 14 13 12 
8 16 15 13 12 10 17 16 15 14 13 
9 18 16 15 13 12 19 18 17 16 15 
10 19 18 16 15 13 20 19 18 17 16 
5 11 9 8 6 4 12 11 10 9 7 
6 13 11 9 8 6 14 13 11 10 9 
7 14 12 11 9 7 15 14 13 12 10 
8 16 14 12 11 9 17 16 14 13 12 
9 17 15 14 12 10 18 17 16 15 13 
10 19 17 15 14 12 20 19 17 16 15 
5 11 9 7 5 3 12 10 9 7 6 
6 12 10 8 6 4 13 12 10 9 7 
7 14 12 10 8 6 15 13 12 10 9 
8 15 13 11 9 7 16 15 13 12 10 
9 17 15 13 11 9 18 16 15 13 12 
10 18 16 14 12 10 19 18 16 15 13 
5 10 8 6 4 1 11 9 8 6 4 
6 12 9 7 5 3 13 11 9 7 6 
7 13 11 9 7 4 14 12 11 9 7 
8 15 12 10 8 6 16 14 12 10 9 
9 16 14 12 10 7 17 16 14 12 10 
10 18 15 13 11 9 19 17 15 14 12 
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expected. 
A 5-year production period length would require an 
additional lime allocation generally equivalent to 1 ton/ha, 
as compared to a 3-year period. The 5-year period would be 
equivalent to the extent actually recommended at the farm 
level for liming acid soils of the Rio Grande do Sul State. 
If any soil lime requirement condition is considered, 
major differences among optimal lime allocations can be ob­
served as occurring in relation to changes in input/output 
price ratios (lime price in cruzeiros per ton/soybean grain 
price in cruzeiros per kg). The effect of changing annual 
discounting rates could markedly influence the optimal lime 
allocation at a high input/output price ratio, however. The 
actual price trend, as shown in Appendix Table A35, indicates 
price ratios equivalent to values between 50 to 80 as repre­
sentative, however. 
Figure 20 illustrates some of the relationships discussed 
above and presented in Table 13 for the optimal lime rate 
allocation for a production period equivalent to 5 years at 
annual discounting rates of 20 to 40%. The optimal lime rate 
allocation is estimated for the soil lime requirements repre­
senting the range of soil acidity in this study. 
The optimal allocation of lime rate for each soil lime 
requirement condition varied in an inverse relationship to 
the input/output price ratio. These relationships could be 
expressed to represent a demand for liming estimated from 
y 
Zz ^^ olSb) i^rti 
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factor-product price relationships. The elasticity of the 
demand (Alime rate/APx/Py) would be greater for a higher 
annual discounting rate situation. This can be observed by 
comparing in Figure 20 the (a) 20% and the (b) 40% annual dis­
counting rates. The optimum allocation for lime rate shows 
greater responsiveness to changes in input/output relation­
ships for the 40% discount rate than for the 20% discount 
rate. 
The slope for the several demand situations, in relation 
to differences in the original soil lime requirements, remain 
unchanged meaning that the elasticity of the demand remains 
the Scune regardless of the soil requirements. 
The original soil lime requirement values represent the 
quantity of lime necessary to bring the soil pH to approxi­
mately 6 and correspond to the actual liming recommendations 
adopted by the Official Soil Testing Laboratories of the 
Rio Grande do Sul State for most crops including soybeans 
and wheat. 
If the optimal lime rate allocations as shown in Figure 
20 are compared with the actual general lime recommendations 
adopted by the Official Soil Testing Laboratories, the lime 
rate values estimated as optimum from the soybean production 
function relationships are well above the actual lime recom­
mendations. As an example, at a price ratio equivalent to 
80 that approximately represents the last verified price 
relationship (Appendix Table A35), the estimated optimal 
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lime rates, as shown in Figure 20, for either a 20 or 40% 
discounting rate would be above the recommended values. 
The estimated optimal values discussed above were always 
greater when compared to the actual liming recommendations. 
The soybean cultivar in this study required a high soil pH, 
and also it was very sensitive to soil acidity factors, es­
pecially to soil aluminum. Assuming that the liming recom­
mendations are generally given to represent an average farm 
situation, as it has been done, some differences as discussed 
above could be expected. 
The discussion up to this point has considered "optimum" 
lime rate allocation for a farm situation in which only 
variable costs of production are included in the farmer's 
decision making and the farmer is an owner who receives all 
of the crop value or 100% of the crop share. 
Table 14 shows some estimated optimum lime rate alloca­
tion for soybeans for several crop sharing alternatives, 
evaluated at a 20% annual discounting rate for the production 
period of 3 and 5 years, for price ratios of 40 to 120, and 
for several soil lime requirements. This would be equivalent 
to representing the demand for lime for different factor-
product price relationships for several crop sharing alterna­
tives. 
There is a similar effect of input/output price ratios 
on the optimal lime rate for the 100% crop sharing situation 
as shown in Table 13, but there is a large difference between 
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Table 14, Estimated "optimum" lime rate for soybeans at 
several crop sharing alternatives for two differ­
ent production periods at a 20% annual discounting 
rate and for several input/output price ratios 
for soils of different lime requirement 
Production period 
shar- 3 years 5 years 
alter- lime Input/output price ratio 
native req. 40 60 80 lOO 120 40 60 80 100 120 
70 
ns/ha) (Lime rate, tons/ha) -
5 10 8 6 4 2 12 11 9 8 6 
6 12 10 8 6 4 14 12 11 9 8 
7 14 12 9 7 5 15 14 12 11 9 
8 15 13 11 9 7 17 15 14 12 11 
9 17 14 12 10 8 18 17 15 14 12 
10 18 16 14 12 10 20 18 17 15 14 
5 10 7 5 2 0 12 10 8 6 5 
6 11 9 6 4 2 13 11 10 8 6 
7 13 10 8 5 3 15 13 11 9 8 
8 14 12 9 7 4 16 14 13 11 9 
9 16 13 11 8 6 18 16 14 12 11 
10 17 15 12 10 8 19 17 16 14 12 
5 9 6 2 0 0 11 9 7 5 3 
6 10 7 4 2 0 12 10 8 6 4 
7 12 9 6 3 0 14 12 10 8 6 
8 13 10 7 4 0 15 13 11 9 7 
9 15 12 9 6 3 17 15 13 11 9 
10 16 13 10 8 5 18 16 14 12 10 
5 7 4 0 0 0 10 7 5 2 0 
6 9 5 2 0 0 11 9 6 4 1 
7 10 7 3 0 0 13 10 8 5 3 
8 12 8 4 1 0 14 12 9 7 4 
9 13 10 6 2 0 16 13 11 8 6 
10 15 11 8 4 0 17 15 12 10 7 
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these lime rates and the optimum lime values estimated for 
lower crop sharing alternatives. In other words, the demand 
for lime becomes more elastic to changes in price relation­
ships at lower crop sharing situations and also for shorter 
times of the production period. For example, for a 50% crop 
sharing expectation, a planned production period of three 
years, and an intermediate annual discounting rate value of 
20%, the optimum lime allocation levels would be between 13 
tons per hectare and none for price ratios between 40 to 120, 
respectively, for a general lime requirement of 8 tons of 
lime per hectare. 
Figure 21 associates optimum lime rates for soybeans 
from Tables 13 and 14 that were estimated for production 
periods of 3 and 5 years, for an 8 ton lime per hectare, an 
annual discounting rate of 20%, and for different crop sharing 
situations. 
The elasticity of the demand for lime was influenced by 
the price expectations, the length of the production period, 
the discounting rates, and finally by the crop sharing possi­
bilities. All of these elements are related to the decision 
making process by the farmer at the operational level. 
The crop sharing alternatives, as presented, could be 
interpreted as a rented farm situation in which the farmer 
receives an expected share of the crop yields, and also they 
could be related to crop yield expectations as another impor­
tant uncertainty factor which is part of the decision making 
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sharing alternatives, a lime requirement of 8 tons 
per hectare, and a discount rate of 20% per year 
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process. 
All of the factors discussed thus far could influence 
the farmer's selection of the "region" on the production 
function that would fulfill his aspirations and also probably 
result in the highest marginal return possible given certain 
available resources and restraints. 
3, Decisions for optimal lime rate allocation in relation 
to specific crop requirements and the aaareaate 
production function 
Optimum lime rate allocations have been discussed mainly 
by considering the estimated soybean production function re­
lationships (equation 18). Such emphasis is justified con­
sidering the soybeans' responsiveness to lime applications 
and also the concept of "optimum" allocation of available 
resources considered. 
Table 15 presents some comparisons for the optimal 
allocation of lime rates that could be expected if decisions 
were made by considering the individual crop production 
function relationships or the overall aggregated production 
function0 
According to the wheat production function relationships 
shown in equation 21, no allocation of lime would be 
economically feasible for wheat if the marginal returns and 
costs are considered for a representative factor-product 
price ratio of 84 and a 20% annual discounting rate for a 
5-year period. Price ratios less than 40 would be required 
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Table 15. "Optimum" lime rate allocations in relation to 
the specific crop requirements and the aggregate 
production function^  
Lime rate allocation for different 
production functions 
Original 
soil lime 
requirement Soybeans^  Wheat^  
Crop , 
system 
Crop 
system, 
mod.® 
(tons/ha) . \ tons XlfC\©/ ilB. ) "" — — 
5 11 0 9 7 
6 12 0 11 9 
7 14 0 13 12 
8 16 0 15 14 
9 17 0 17 16 
10 18 0 18 18 
V^alues estimated for a production period of 5 years, at 
an annual discounting rate of 20% and for an input/output 
price ratio equivalent to 78 and 84 for soybeans and wheat, 
respectively. 
V^alues estimated from the soybean production function, 
equation 18, 
V^alues estimated from the wheat production function, 
equation 21. 
V^alues estimated from the crop system production func­
tion, equation 23, 
V^alues estimated from the crop system production func­
tion, equation 23, considering total physical product equiva­
lent to 0,8 for soybeans and 1.2 for wheat of original total 
physical product expectations. 
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before any lime rate would be allocated to a 20% annual dis­
counting rate. 
If the aggregated crop system production function as 
represented by equation 23 (Ysw) is considered for all 
parameters discussed, a higher lime rate allocation still 
would be estimated as an optimum rate as compared to actual 
recommended lime requirements. Lime rate allocations by 
equation 23 are 1 to 2 tons less than the estimated optimum 
lime quantities derived from the soybean production function 
(equation 18), although both estimates approach each other 
for higher lime requirement soils. Table 14 also presents 
estimates of optimum lime rate allocations derived from the 
crop system production function, considering a soybean crop 
yield expectation equivalent to 0.8 and a yield expectation 
equivalent to 1.2 for wheat. For these restraints and price 
expectations, relatively lower lime rate allocation values 
would be estimated as optimum when compared to the unmodified 
crop system production function, especially for the lower 
lime requirement soils. Both estimated values approach each 
other at the highest lime requirement condition. 
The estimated optimum lime rate allocations for the crop 
system and the soybean production functions tended to approach 
the same values for the high lime requirement soils. This is 
evidenced by the wheat yield predictions being influenced by 
the lime vs. lime requirement coefficient value in the over­
all production function. 
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Thus far the discussion has considered the technical and 
some economic aspects related to the response of both wheat 
and soybeans to soil acidity conditions as modified by lime 
applications to acid soils in this study. 
All the experiments were conducted at a high fertiliza­
tion level, and phosphorus was applied especially at high 
rates to avoid any possible extra variation due to lime by 
phosphorus interaction effects. This high level of fertiliza­
tion may not correspond, however, to the most representative 
P fertilization level used by farmers in the region of this 
study for the wheat and soybean crop combination. This fact 
could have brought some additional effect which might have 
influenced the level of response observed for soybeans and es­
pecially considering the very low observed wheat responses to 
lime on soils in this study. 
The economic considerations were only for variable costs 
of production, and the marginal return analysis reflected on 
the optimum allocation of lime resources. No capital restric­
tions were assumed, and the farmer's objective function was 
represented only by the profit function with no uncertainty 
conditions for price and yields. It was also assumed that 
the farmer's utility function was not so distinct at this 
point to justify analyzing the simple profit function as 
integrating a complex multiple objective function. 
This study emphasizes the need for additional research 
and analysis to complement this research project and the need 
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for going further into the decision making at the farm 
activity level. Additional information related to the proba­
bilities for yield expectations is needed, especially for the 
wheat crop, because of the effect of weather conditions and 
of take-all disease on wheat yields. 
The higher soil pH required for soybeans than for wheat 
needs to be reaffirmed for the major soybean cultivars ac­
tually being grown at the farm level. Further research is 
needed also to evaluate and quantify the efficiency of lime­
stone materials with relatively coarser particle sizes and to 
incorporate these relationships into the estimated production 
function. 
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V. SUMMARY AND CONCLUSIONS 
This research program was conducted to evaluate the 
response of soybeans (Glycine max, L) and wheat (Triticum 
aestivum, L) to lime applied to acid soils (Oxisols) of the 
Rio Grande do Sul plateau region, Brazil. 
The efficiency of lime rate was evaluated during a 
period of five years and involved experimental results ob­
tained from seven field experiments conducted in the soybean 
and wheat crop sequence system. 
The treatments were different rates of lime (0, 3,1, 
6,2, 12.4, and 24.8 tons/ha in six experiments, and 0, 3, 6, 
9, 12, 15, 18, 21, and 24 tons/ha at one field location) 
applied at the beginning of the experiments. 
The experimental design was similar for all experiments 
and represented a completely randomized block design with 
three replications. 
The field experiments were located in areas representing 
important soil mapping units and different crop producing 
zones of the region. The initial soil pH of the 0-12 cm 
surface layer varied from 4,5 to 5,0 for all soils, and the 
exchangeable A1 content ranged from 0,6 to 3,0 meq/lOO g. 
The initial soil "exchangeable" Mn varied from 32.4 to 546.8 
ppm, and soil exchangeable Ca+Mg content varied from 2.5 to 
9.9 meq/lOO g. The soil "effective" cation-exchange capacity 
(CEC) measured at soil pH using a KCl solution ranged from 
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5.9 to 10.3 meq/lOO g, and soil CEC measured with a buffered 
NH^ OAc solution at pH 7 ranged between 12.9 to 22.2 meq/lOO g. 
The differences between the values for CEC obtained by the 
two solutions showed a very high pH-dependent CEC characteris­
tic for the studied Oxisols. 
The original lime requirement of the soils, which was 
the amount of limestone required to raise soil pH to 6.0, 
ranged from 6.0 to 10.6 tons/ha. Organic matter content 
varied between 2.5 to 5.9% among the soils. The initial 
"available" P and exchangeable K values varied from 1.0 to 
14.1 and 112 to near 200 ppm, respectively. 
Multiple linear regression techniques were used to 
evaluate and quantify the effect of lime rates on soil 
chemical properties of the soils in this study, the relation­
ships between crop yields and the soil chemical properties, 
and the characterization of production functions for yields 
of wheat and soybeans as a function of lime rates. 
Lime rate applications resulted in an increased soil pH, 
especially for the coarse textured soils. Very high lime 
rates were predicted to be required for soil pH to reach 
maximum values. Approximately 35 tons of lime per hectare 
were predicted for soil pH in the 0-12 cm surface layer to 
reach maximum values of pH 6.9 to 7.0 and 6.2 to 6.3 for 
soils with a lime requirement of 5 and 10 tons/ha, respective­
ly. The soils in this study showed a high buffer capacity 
for changes in soil pH as a function of lime rates. 
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especially at soil pH values above 6 and for soils with a 
high clay content. 
Exchangeable Ca+Mg in the 0-12 cm surface soil layer in­
creased as a function of lime rate, and higher maximum values 
were obtained for soils with a high clay content and were 
related to the high CEC of these soils. 
"Effective" soil CEC values, determined at the soil pH, 
increased as a result of the lime rate applied to the acid 
soils, especially above pH values of 5. The soil CEC values 
were practically doubled when the CEC obtained at maximum 
soil pH was compared to the CEC obtained at the soil pH of 
the no-lime treatments. These results demonstrate a very high 
pH-dependent component of the CEC for the studied Oxisols, 
and this component was attributed mainly to the organic 
fraction of the soil. 
Soil exchangeable A1 was reduced and eliminated from the 
soil solution as a result of the increased lime rates applied 
to the acid soils. An average soil pH of 5.6 with a range 
from 5.2 to 5.8 was estimated to be required for A1 neutraliza­
tion in the soils with lime requirement varying between 5 and 
10 tons/ha, respectively. 
There was an inverse relationship between soil pH and the 
soil "exchangeable" Mn content, and this effect was more pro­
nounced for soils with a high Mn content. 
Marked soybean yield differences were observed in rela­
tion to surface soil pH values modified by lime treatments. 
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Average soybean yield values between 1362 and 2959 kg/ha were 
observed for soil pH values ranging from 4.0 to 5,5. Maxi­
mum average soybean yields of 3300 kg/ha were observed at 
soil pH near 6,6 to 6.8, and marked yield reductions occurred 
at soil pH values lower than 5.5, which was the pH at which 
exchangeable forms of A1 started to occur. 
Wheat grain yields were quite limited in some years 
due to disease occurrence. Wheat grain yields for selected 
years without significant disease occurrence did not show 
marked responses to soil pH and exchangeable soil A1 changes, 
as occurred for soybeans. The wheat cultivar used in this 
study, IAS 59, showed a high tolerance to factors of soil 
acidity. This was reflected by the soil pH values around 5.6 
at which maximum grain yields corresponding to an average 
value of 2467 kg/ha were obtained. Either soil pH values 
below 5.0 or exchangeable soil A1 saturation of CEC values 
above 20% caused reductions in wheat yield. Average wheat 
grain yields between 2046 to 2410 kg/ha were observed at 
surface soil gH values of 4.0 to 5.0, respectively. High soil 
pH values, especially above 6.0, were associated with take-all 
(Qphiobulus sp.) occurrence. There was a close relationship 
for take-all incidence in wheat and soil pH, and there were 
very marked grain yield reductions in some experiments at 
soil pH values above 5,5, 
Soil aluminum was shown to be the main factor of soil 
acidity influencing crop yields in this study. 
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The soil pH values necessary for maximum crop yields, 
especially for soybeans, were above the soil pH range re­
quired for A1 neutralization in the soils of this study and 
were associated possibly with increased Mo availability and/ 
or higher Ca and Mg supply. 
Although some increase in the exchangeable soil A1 and 
corresponding decrease in the exchangeable Ca+Mg content were 
observed in the years following lime applications, these 
data were not consistent enough to permit definite conclu­
sions about the residual effect of liming by use of these 
soil parameters. 
Production functions were estimated for soybean and wheat 
responses to lime rates. The function for soybeans involved 
yield responses for years of experimentation and location 
effects. 
Some technical and economic relationships were estimated 
by the crop production functions and the aggregated crop sys­
tem production function for soybeans and wheat, "Optimal" 
allocation of lime resources was based primarily on the soy­
bean production function due to its significant contribution 
to the production function coefficients representing the 
soybean and wheat crop sequence system. Different factor/ 
product price ratios, several annual discounting rates, some 
selected production period lengths, and crop sharing alterna­
tives were evaluated for their effects on the allocation of 
lime for the soils and crops in this study. 
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Lime rate allocation based on the soybean crop produc­
tion function varied as a function of the original lime re­
quirement of the soils in this study, and lower lime rates 
were allocated at high factor/product price ratios. Major 
differences in lime rate allocation at constant lime require­
ment condition of the soil were attributed more to changes in 
price ratios than due to annual discounting rates. In gen­
eral, an additional 1 ton of lime would be allocated when 
comparing a 5 year to a 3 year length of the production 
period. The "optimal" lime rate allocation was quite re­
sponsive to changes in price ratios at lower production period 
lengths and at lower crop sharing alternatives. 
According to the production function relationships ob­
tained for the wheat crop, no allocation of lime resources 
was predicted for the selected range of factor/product price 
ratios. 
In general, the "optimal" lime rates predicted by either 
the soybean or the aggregate production functions were 
greater than those actually recommended by the Official Soil 
Testing Laboratories and adopted at the field level for the 
crops and soils involved. 
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Table Al, Soil pH value of the surface 0-12 cm layer as af­
fected by lime rate and year of cultivation for 
each field experiment 
Exp, 
loc. 
Lime 
rate 
Year of cultivation 
Mean 
PF= 
JC' 
CA'^  
LV^  
VC^  
(tons/ha) 
0 4,8 4,1 4,0 4,6 4.4 4,4 
3,1 5,0 4,3 4,1 4,9 4,6 4,6 
6,2 5,2 4,8 4,4 5,0 4,6 4,8 
12,4 5,9 5,6 4,9 5,8 4,8 5,4 
24.8 6,0 6,5 5,6 6,5 5.6 6.0 
0 5,1 4,7 4,2 4,9 4.9 4,8 
3,1 5,3 5,2 4,6 5,3 5.3 5,1 
6,2 6,1 5,6 5,1 5,4 5,5 5,5 
12,4 6,1 6,5 5,7 6,1 6,0 6,1 
24,8 6,3 6,8 6,2 6,6 6.6 6,5 
0 5,0 4,8 5,0 4,9 5.0 4,9 
3.1 5,3 5,2 5,0 5,0 5.1 5,1 
6,2 5.7 5,3 5,5 5,2 5,4 5,4 
12.4 6.0 6,2 6,2 5.9 5,8 6.0 
24,8 6.4 6,9 6,8 6.5 6,3 6.6 
0 4.1 3.9 4,6 4,4 — 4.2 
3,1 4.4 4.3 4,8 4.6 - 4.5 
6.2 4,9 4.3 5,2 4.7 — 4,8 
12,4 5,6 5,0 5,6 5.4 - 5,4 
24,8 6,4 6.1 6,4 6.2 — 6.3 
0 4,3 4,0 4,8 4,8 — 4,5 
3.1 4.5 4,4 4,9 4,8 - 4,6 
6,2 4,9 4,8 5,2 4,9 - 5,0 
12,4 5,7 5.2 5,7 5,6 - 5.6 
24,8 6,0 6,1 6,4 6,4 - 6.2 
^Experiments started in 1971, 
^Experiments started in 1972, 
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Table Al. (Continued) 
Exp. 
loc. 
Lime 
rate 
Year of cultivation 
Mean 
CH 
CX^  
(tons/ha) 
0 4.6 4.8 4.8 - -
3.1 5.0 5.1 5.1 - -
6.2 5.6 5.2 5.2 - -
12.4 6.4 5.7 6,1 - -
24.8 6.4 6.6 6.7 — — 
0 4.5 4.4 4.8 5.0 — 
3 4.9 4.4 5.2 5.2 -
6 5.4 5.0 5.4 5.3 -
9 5.6 5.0 5.6 5.4 -
12 5.8 5.2 5.8 5.6 -
15 6.1 5.4 6.0 5.8 -
18 6.0 5.8 6.5 6.3 -
21 6.1 5.7 6.3 6.2 -
24 6.2 5.9 6.5 6.5 -
4.7 
5.1 
5.3 
6.1 
5.6 
4.7 
4.9 
5.3 
5.4 
5.6 
5.8 
6.2 
6.1 
6.3 
^Experiments started in 1973. 
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Table A2. Soil exchangeable Ca+Mg of the surface 0-12 cm 
layer as affected by lime rate and year of 
cultivation for each field experiment 
Exp, 
loc. 
Lime 
rate 
Year of cultivation 
Mean 
(tons/ha) (meq/lOO g)-
PF 
JC 
CA^  
LV^  
VC 
0 3.0 1.0 1.5 1.5 2.5 1.9 
3.1 3.6 1.9 2.0 2.8 3.8 2.8 
6.2 5.1 3.2 2.4 4.1 4.7 3.9 
12.4 9.3 4.3 4.1 7.0 6.0 6.1 
24.8 9.3 5.8 4.9 12.8 9.2 8.4 
0 4.1 2.1 2.6 4.2 4.4 3.5 
3.1 5.3 3.3 3.5 5.8 5.7 4.7 
6.2 8.6 4.0 4.0 6.4 7.4 6.1 
12.4 9.3 4.7 4.8 8.3 8.6 7.1 
24.8 10.5 5.4 5.3 9.6 10.4 8.2 
0 5.4 2.8 2.5 4.9 5.5 4.2 
3.1 6.7 3.4 3.1 5.5 6.3 5.0 
6.2 8.7 4.4 3.8 6.8 7.6 6.3 
12.4 10.1 5.5 5.0 9.1 9.8 7.9 
24.8 13.3 5.4 5.5 10.9 11.5 9.3 
0 1.5 1.1 3.3 3.5 — 2.4 
3.1 2.7 2.6 5.4 6.0 - 4.2 
6.2 3.8 3.7 7.0 6.9 - 5.4 
12.4 5.9 5.2 10.0 11.5 - 8.2 
24.8 7.2 6.9 13.0 14.7 — 10.4 
0 1.9 2.2 4.2 5.4 — 3.4 
3.1 2.6 3.3 5.8 5.9 - 4.4 
6.2 4.1 4.0 7.2 6.5 - 5.4 
12.4 5.6 5.4 10.5 11.4 - 8.2 
24.8 7.0 7.2 13.7 15.3 - 10.8 
^Experiments started in 1971. 
^Experiments started in 1972. 
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Table A2. (Continued) 
Exp. Lime Ye^ r of cultivation 
loc. rate 1 2 3 4 5 Mean 
CH^  
(tons/ha) (meq/100 g)-
0 3.6 6.8 7.0 - - 5.8 
3.1 4.4 8.7 8.6 - - 7.2 
6.2 5.1 9.0 9.3 - - 7.8 
12.4 6.5 11.4 13.2 - - 10.4 
24.8 7.0 15.1 16.3 — — 12.8 
0 3.2 3.4 5.8 5.5 — 4.1 
3 3.6 4.2 7.2 7.0 - 5.5 
6 4.7 4.5 8.0 8.4 - 6.4 
9 4.7 5.5 9.0 9.3 - 7.1 
12 5.9 5.2 8.6 10.6 - 7.6 
15 6.2 6.1 10.2 11.4 - 8.5 
18 6.2 6.8 12.4 13.5 - 9.7 
21 5.9 6.2 11.3 12.9 - 9.1 
24 6.8 6.8 12.4 14.4 - 10.1 
^Experiments started in 1973, 
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Table A3, Soil exchangeable Al of the surface 0-12 cm layer 
as affected by lime rate and year of cultivation 
for each field experiment 
Exp. 
loc. 
Lime 
rate 
Year of cultivation 
Mean 
PF 
JC 
CA 
LV^  
vc 
ons/ha) —(meq/lOO g)- -
0 3.6 3.5 3.0 3.8 3.3 3.4 
3.1 2.6 1.9 2,2 2.5 2.4 2.3 
6.2 1.3 0.6 1.2 0.6 1.9 1.1 
12.4 0.9 0.0 0.3 0.2 1.1 0.5 
24.8 0.1 0,0 0.0 0.0 0.1 0.0 
0 1.1 1.0 0.9 1.4 1.3 1.1 
3.1 0.5 0.2 0.3 0.3 0.5 0.4 
6.2 0.7 0,0 0.0 0,3 0.1 0.2 
12.4 0,0 0,0 0.0 0,0 0.0 0,0 
24,8 0,0 0,0 0.0 0,0 0.0 0,0 
0 1,3 1,3 1.1 1.5 1.4 1,3 
3.1 0.5 0.1 0.4 1.1 1.0 0,6 
6.2 0.1 0.0 0.0 0.5 0.5 0,2 
12.4 0.1 0.0 0.1 0.1 0.1 0,1 
24.8 0.0 0.0 0.0 0.0 0.0 0.0 
0 2.9 3.0 3.6 3.6 — 3.3 
3.1 1.2 1.4 2.3 1.9 - 1,7 
6.2 0,1 0,5 1.0 1.4 - 0.8 
12.4 0.0 0,0 0.1 0,0 - 0.0 
24.8 0.0 0.0 0.0 0.0 — 0.0 
0 1.8 1.7 1.9 2.3 — 1.9 
3.1 0.8 0.6 1.1 1.4 - 1.0 
6.2 0.1 0.1 0.3 0.8 - 0.3 
12.4 0.0 0.0 0.0 0.0 - 0.0 
24.8 0.0 0.0 0.0 0.0 - 0.0 
^Experiments started in 1971, 
^Experiments started in 1972. 
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Table A3. (Continued) 
Exp. 
loc. 
Lime 
rate 
Year of cultivation 
Mean 
CH 
CX' 
ons/ha) 
0 0.7 0.9 1.0 — — 0.9 
3.1 0.2 0,5 0.5 — — 0.4 
6.2 0.0 0.3 0.3 — — 0.2 
12.4 0.0 0.0 0.0 — — 0.0 
24.8 0.0 0.0 0.0 — — 0.0 
0 0.9 1.0 1.5 1.7 1.3 
3 0.2 0.1 0.7 0.9 0.5 
6 0.0 0.0 0.3 0.4 0.2 
9 0.0 0.0 0.1 0.2 0.1 
12 0.0 0.0 0.1 0.1 0.0 
15 0.0 0.0 0.1 0.0 0.0 
18 0.0 0.0 0.0 0.0 0,0 
21 0.0 0.0 0.0 0.0 0.0 
24 0.0 0.0 0.0 0.0 0.0 
^Experiments started in 1973. 
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Table A4, Soil organic matter of the surface 0-12 cm layer 
as affected by lime rate and year of cultivation 
for each field experiment 
Exp. 
loc. 
Lime 
rate 
Year of cultivation 
Mean 
(tons/ha) (%)•  
PF" 
JC' 
CA 
LV^  
vc 
0 2.4 4.8 5,1 4.8 4,6 4.3 
3.1 2.6 4,9 5,3 5.1 4.9 4.6 
6.2 2.5 4.9 5,3 4.3 4.8 4.4 
12.4 2.7 4,7 5.2 4.4 4.7 4.3 
24.8 2.5 4,6 4,9 4.0 4.6 4.1 
0 2.3 4,2 4,5 4.8 4.3 4.0 
3.1 2.2 4,4 4,4 4.5 4.4 4.0 
6.2 2.5 4,0 4,2 4.5 4.3 3,9 
12.4 2.4 3,9 4.6 4,4 4.2 3,9 
24.8 2.3 4,1 4,7 4,5 4.0 3,9 
0 2.8 5,0 4.7 5.4 5.4 4,7 
3.1 2.4 5,0 4,8 5.3 5.4 4,6 
6.2 2.5 4,9 4,8 5.3 5.5 4,6 
12.4 2.8 4,8 4,7 6.1 5.5 4.8 
24.8 2.6 5.0 4,7 5.3 5.8 4.7 
0 7.0 7.2 7.1 7.3 — 7.2 
3.1 7.1 7.0 7.2 7.4 - 7.2 
6.2 6.9 7.3 7.1 7.4 - 7.2 
12.4 7.0 7.0 7.2 7.3 - 7.1 
24.8 6.4 6.8 6.9 7,2 — 6.8 
0 7.2 7.4 7.6 7,3 — 7.4 
3.1 7.0 7.5 7,7 7,5 - 7.4 
6.2 7.1 7.4 7,5 7,3 - 7.3 
12.4 7.2 7,3 7,6 7,3 - 7.4 
24.8 7.0 7,4 7,5 7,1 - 7.2 
^Experiments started in 1971. 
^Experiments started in 1972. 
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Table A4, (Continued) 
Exp. 
loc. 
Lime 
rate 
Year of cultivation 
Mean 
(tons/ha) (%) 
CH' 
CX 
0 6.8 6.5 6.8 - - 6.7 
3.1 6.8 6.6 6.7 - - 6.7 
6.2 7.0 6.5 6.6 - - 6.7 
12.4 6.7 6.4 6.6 - - 6.6 
24.8 6.7 6.5 6.5 — — 6.6 
0 5.9 6.6 6.3 6.5 — 6.3 
3 6.1 6.4 6.2 6.6 - 6.3 
6 6.1 6.6 6.2 6.5 - 6.4 
9 6.1 6.7 6.2 6.6 - 6.4 
12 6.2 6.5 5.7 6.6 - 6.2 
15 5.8 6 .5 6.2 6.4 - 6.2 
18 6.2 6.7 6.3 6.5 - 6.4 
21 6.0 6.6 6.4 6.6 - 6.4 
24 6.1 6.8 6.6 6.4 - 6.5 
^Experiments started in 1973. 
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Table A5, Soil available phosphorus of the surface 0-12 cm 
layer as affected by lime rate and year of culti­
vation for each field experiment 
Exp. 
loc. 
Lime 
rate 
Year of cultivation 
Mean 
(tons/ha) (ppm)-
PF' 
JC' 
CA'^  
LV^  
VC 
0 6.7 15.0 20.5 36.7 38.0 23.4 
3.1 8.0 11.1 20.7 36.0 33.2 21.8 
6.2 6.2 17.8 23.5 33.5 42.8 24.8 
12.4 7.9 12.5 18.5 26.8 35.2 20.2 
24.8 8.7 14.5 16.0 36.5 29.0 20.9 
0 20.0 34.7 59.7 72.3 51.8 47.7 
3.1 17.2 48.5 39.5 67.7 56.3 45.8 
6.2 26.5 39.0 51.7 72.5 52.2 48.4 
12.4 28.8 51.7 64.5 69.2 48.2 52.5 
24.8 22.2 50.7 54.5 58.2 51.3 47.4 
0 12.8 21.9 25.3 43.7 50.0 30.7 
3.1 10.4 21.7 25.8 36.3 40.2 26.9 
6.2 8.2 18.2 27.3 34.5 44.0 26.4 
12.4 9.0 19.8 27.7 48.3 52.2 31.4 
24.8 11.2 25.0 26.5 37.8 35.8 27.3 
0 4.7 10.0 22.0 18.3 — 13.8 
3.1 5.5 13.7 15.8 22.8 - 14.4 
6.2 5.5 7.2 14.7 18.5 - 11.5 
12.4 6.2 11.7 13.5 17.3 - 12.2 
24.8 5.8 10.2 13.8 16.7 — 11.6 
0 3.7 3.7 7.8 9.2 — 6.1 
3.1 3.7 7.2 8.7 9.2 - 7.2 
6.2 4.5 5.0 7.5 8.7 - 6.4 
12.4 5.5 4.5 8.5 9.0 - 6.9 
24.8 7.2 6.0 10.2 11.2 - 8.6 
^Experiments started in 1971. 
^Experiments started in 1972. 
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Table A5. (Continued) 
Exp. 
loc. 
Lime 
rate 
Year of cultivation 
Mean 
(tons/ha) (ppm)-
CH 
qC 
0 5.5 14.2 19.2 - - 13.0 
3.1 5.3 12.7 19.7 - - 12.6 
6.2 7.3 12.7 14.7 - - 11.6 
12.4 7.3 13.0 18.9 - - 13.1 
24.8 9.5 17.7 21.2 — — 16.1 
0 6 . 2  10.7 14.0 30.0 — 15.2 
3 7.0 10.2 16.2 24.7 - 14.5 
6 3.8 10.2 14.0 23.2 - 12.8 
9 8.3 14.2 11.7 20.5 - 13.7 
12 7.7 7.5 12.8 19.7 - 11.9 
15 7.7 8.2 10.5 21.0 - 11.8 
18 6.5 14.0 16.8 24.2 - 15.4 
21 8.3 11.3 13.5 20.7 - 13.4 
24 8.2 14.5 11.0 22.0 - 13.9 
^Experiments started in 1973. 
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Table A6. Soil exchangeable potassium of the surface 0-12 
cm layer as affected by lime rate and year of 
cultivation for each field experiment 
Exp, 
loc. 
Lime 
rate 
Year of cultivation 
Mean 
(tons/ha) (ppm)-
PF 
JC 
CA 
LV^  
VC 
0 65 97 107 83 115 93 
3.1 53 77 130 82 90 86 
6.2 51 77 83 75 75 72 
12.4 47 77 85 60 60 66 
24.8 49 87 83 105 67 78 
0 79 88 73 78 100 84 
3.1 72 83 67 73 95 78 
6.2 75 77 65 65 83 73 
12.4 60 90 79 62 87 74 
24.8 60 92 78 72 87 78 
0 137 158 123 135 163 143 
3.1 71 138 100 100 128 107 
6.2 92 138 112 110 128 116 
12.4 99 140 107 115 127 118 
24.8 82 137 102 108 88 103 
0 172 180 198 >200 188 
3.1 177 188 197 >200 - 190 
6.2 172 173 193 >200 - 184 
12.4 168 160 190 182 - 175 
24.8 160 165 187 193 — 176 
0 138 138 155 170 — 150 
3.1 130 170 173 182 - 164 
6.2 150 152 165 165 - 158 
12.4 148 133 145 153 - 145 
24.8 15 8 1148 138 133 - 144 
^Experiments started in 1971. 
^Experiments started in 1972. 
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Table A6, (Continued) 
Exp. 
loc. 
Lime 
rate 
Year of cultivation 
Mean 
(tons/ha) (ppm)-
CH 
CX' 
0 >200 >200 192 - - 197 
3.1 >200 >200 198 - - 199 
5.2 >200 193 193 - - 195 
12.4 >200 >200 198 - - 199 
24.8 >200 >200 195 — — 198 
0 125 117 110 128 — 120 
3 102 98 100 110 - 102 
6 112 103 102 105 - 106 
9 122 118 102 97 - 110 
12 113 93 92 88 - 96 
15 115 100 82 88 - 96 
18 123 122 92 90 - 107 
21 115 110 87 77 - 97 
24 128 137 78 87 - 108 
^Experiments started in 1973. 
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Table A7. Regression equation for estimating soil pH of 
the surface 0-12 cm layer as a function of lime 
rate applied to the field experiments 
a 3D 
Factor Coefficient Std. error 
Intercept 5.32294 0.12178 
T 0.21019** 0.03949 
Lr -0.13695** 0.01096 
L 0.11107** 0.00663 
Ry 0.10850** 0.02953 
T*Ry -0.05912** 0.01368 
L2 
-0.00156** 0.00025 
R^  0.798** 
s^  0.114206 
N 489 
T = soil texture groups coded as 1, 2, and 3 for a 
clay, clay loam, and sandy clay loam, respectively; Lr = 
original soil lime requirement in tons/ha required to bring 
soil pH to 6; L = lime rate in tons/ha; and Ry = residual 
years numbered from 1 to 5 for the respective year following 
lime applications. 
S^ignificance levels in the tables in the Appendix are; 
**, P < 0.01; *, P < 0.05; ++, P < O.lO; +, P < 0.20; /, P 
< 0.30; ns, P > 0.30, 
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Table A8. Regression equation for estimating soil exchange­
able Ca+Mg of the surface 0-12 cm layer as a 
function of lime rate applied to the field 
experiments 
Factor^  Coefficient Std. error 
Intercept -0.33936 
T 1.58138** 0.27905 
L 0.44140** 0.04945 
Ry 1.64971** 0.20719 
L*T -0.06008** 0.01303 
L*Ry 0.04179** 0.00898 
T*Ry -0.66160** 0.08543 
L2 
-0.00755** 0.00161 
0.608** 
s^  4.55348 
N 485 
= soil texture groups coded as 1, 2, and 3 for a 
clay, clay loam, and sandy clay loam, respectively; L = lime 
rate in tons/ha; and Ry = residual years numbered from 1 to 
5 for the respective year following lime applications. 
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Table A9, Regression equation for estimating effective soil 
cation exchange capacity of the surface 0-12 cm 
layer as a function of soil pH at the representa­
tive soil sampling period for the field 
experiments 
Factor^  Coefficient Std. error 
Intercept 
T 
PH_ 
PH2 
11.91924 
-2.18181** 
0.29248ns 
0.64558** 
0.18626 
0.83569 
0.21986 
R^  0.730** 
s2 2.47518 
N 98 
= soil texture groups coded as 1, 2, and 3 for a 
clay, clay loam, and sandy clay loam, respectively; and pH = 
soil pH of the surface 0-12 cm layer. 
Table AlO. Regression equation for estimating aluminum 
saturation of the CEC at pH 7 as a function of 
aluminum saturation of the CEC determined by KCl 
for samples taken at the representative soil 
sampling period for each location 
Factor^  Coefficient Std. error 
Intercept 
A1 
A12 
0.06054 
0.49057** 
-0.00140** 
0.00585 
0.00014 
R2 0. 997** 
0. 06422 
N 104 
A^1 = percent aluminum saturation of the CEC of the 
surface 0-12 cm layer determined by KCl. 
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Table All. Regression equation for estimating average alumi­
num saturation of the CEC of the surface 0-12 cm 
layer determined by KCl as a function of soil pH 
for samples taken at representative soil sampling 
period^  
Factor Coeff icient Std. error 
Intercept 
Lr 
pH 
pH*Lr 
PH^  
344,18808 
21.42004** 
-151.56112** 
-4.10164** 
16.48376** 
5.03039 
24.23953 
1.01238 
2.29543 
R 
N 
0.784** 
30.02044 
76 
Soil pH values greater than 5.8 were excluded from the 
calculations. 
L^r = original soil lime requirement in tons/ha required 
to bring soil pH to 6; and pH = soil pH of the surface 0-12 
cm layer. 
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Table A12. Regression equation for estimating exchangeable 
soil Mn of the surface 0-12 cm layer as a func­
tion of soil pH for samples taken at representa­
tive soil sampling period 
Factor Coefficient Std. error 
Intercept 
n^ 
pH 
pH*I Mn 
-16.21498 
129.14268** 
5.73900ns 
-20.47122** 
5.08629 
6.25296 
3.12880 
R 
N 
0.950** 
1237.1611 
98 
= groups according to the mean exchangeable Mn 
content divided by 100 (PF, JC, CA = 0.8; LV = 0.2; CH, CX = 
2.3; VC = 5); and pH = soil pH of the surface 0-12 cm layer. 
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Table Al3. Soybean responses to lime treatments evaluated 
up to five years of experimentation at each 
experimental location 
Exp. 
loc. 
Lime 
rate 
Experimental year 
Mean 
(tons/ha) (kg/ha)-
PF' 
JC' 
CA^  
LV^  
VC 
0 1324 175 8 1284 1430 1709 1501 
3.1 2280 2022 1678 1612 1777 1874 
6.2 3076 3431 2387 2221 2449 2713 
12.4 2858 3973 3184 3336 2907 3252 
24.8 2947 3849 3227 3453 3327 3360 
0 2275 1220 2282 2215 2385 2075 
3.1 2991 1471 2876 2961 3343 2728 
6.2 3156 1653 3198 3306 3198 2902 
12.4 3386 1506 2831 3783 3547 3011 
24.8 2947 1331 3211 3770 3309 2914 
0 2178 — 1684 2438 3221 2380 
3.1 3022 - 1576 2158 3520 2569 
6.2 3827 - 1942 3061 4276 3276 
12.4 3604 - 2464 3506 4334 3477 
24.8 3733 — 2675 3430 4536 3581 
0 574 771 782 1294 — 855 
3.1 846 949 1374 1862 — 1258 
6.2 914 1618 1658 1827 - 1504 
12.4 1170 2569 2644 2605 - 2247 
24.8 964 2373 2320 3409 — 2266 
0 1653 1036 643 1570 1862 1353 
3.1 • 1745 1142 935 2005 2389 1643 
6.2 2011 1704 992 2049 2560 1863 
12.4 2097 2973 1264 2467 3060 2372 
24.8 2221 3104 2298 3087 3182 2778 
^Years of 1972 to 1976. 
^Years of 1973 to 1977. 
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Table A13. (Continued) 
Exp. Lime Experimental ygar 
loc. rate 1 2 3 4 5 Mean 
(tons/ha) (kg/ha) 
CH^  0 3022 3085 4237 2809 2262 3083 
3.1 3542 3824 4283 2938 2322 3382 
6.2 3545 4092 4646 2800 2350 3487 
12.4 3531 4495 4107 2967 2410 3502 
24.8 3551 4824 4650 3182 2513 3744 
CX^  0 2069 1864 1525 2150 3093 2140 
3 1894 2316 1643 2611 2889 2271 
6 1987 2920 2226 3185 3371 2738 
9 2033 2973 2845 3480 4062 3079 
12 1878 3418 3269 3479 3413 3091 
15 1980 3487 3504 3683 3831 3297 
18 1785 3700 3528 3881 4498 3478 
21 2151 3695 3543 3735 3134 3252 
24 1989 3589 3614 3876 3973 3408 
Y^ears of 1974 to 1978. 
Table A14, Analysis of variance for the effect of lime treatments on soybean yields 
(kg/ha) for each field experiment^  
Mean squares for each location^  
Source of PF VC LV CX 
variation df*^  (10.6) (9.8) (9.5) (8.0) 
Blocks 2 446916.89++ 175091.05ns 205186.50ns 187150.04ns 
Lime 4 10248085.49** 4910446.39** 5318781.16** 2983731.04** 
Error (A) 8 101839.68 145538.49 384503.96 326669.88 
Residual years 4 1.49ns 2.05ns 56368.47ns 230797.59ns 
Lime *Res. years 8 260653.08** 315195.43** 480170.91** 509952.32++ 
Error (B) 40 41927.82 72268.53 80673.92 334854.29 
CA JC CH 
(6.9) (6.6) (6.0) 
Blocks 2 332761.22ns 256209.33ns 210988.85ns 
Lime 4 3587465.02** 2139191.95* 859809.93* 
Error (A) 8 330683.78 319908.97 190093.15 
Residual years 4 1.53ns 126.85ns 5.50ns 
Lime*Res. years 8 181777.01ns 193006.06++ 230764.27* 
Error (B) 40 135109.78 108017.77 102051.39 
A^djusted experimental data for mean variation among experimental years, within 
locations. 
N^umbers in parentheses represent soil lime requirement in tons/ha for each 
location. 
L^ime rate df for CX is 8 and Lime*Res. years is 32; residual years df for CA 
and LV is 3, 
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Table A15. Regression equations for estimating average soy­
bean yields in kg/ha and relative yields as a 
function of soil pH at representative soil 
sampling period for all locations^  
Yields Relative yields 
 ^ Standard Standard 
Factor Coefficient error Coefficient error 
Intercept 717.52095 163 .75104 32 .37345 3. 5 8456 
pH 1725.80872** 195 .70367 39 .44019** 4. 28401 
pH^  -287.28498** 52 .14212 6 .23015** 1. 14140 
R^  0.680** 0.724** 
s?' 1892 85.26674 90.70257 
N 115 115 
S^oil samples collected two years following lime 
applications. 
p^H = coded soil pH values of the surface 0-12 cm layer, 
pH less 3,6, 
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Table A16. Regression equation for estimating average rela­
tive soybean yields as a function of percent 
aluminum saturation of the CEC for samples taken 
at representative soil sampling period^  
Factor Coefficient Std. error 
Intercept 
ai-5 
A1 
90.59969 
-8.10751** 
0.10968ns 
1.36618 
0.24164 
R 
s^  
N 
0.687** 
95.46856 
104 
S^oil samples collected two years following lime 
applications. 
A^1 = percent aluminum saturation of the soil CEC of 
the surface 0-12 cm layer. 
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Table A17, Regression equation for estimating average rela­
tive soybean yields as a function of exchangeable 
soil Mn for samples taken at representative soil 
sampling period 
Factor Coefficient Std. error 
Intercept 
M^n 
Mn 
Mn*I Mn 
76.44868 
15,08760** 
-0.10640* 
-0.01123+ 
3.48427 
0.04458 
0.00726 
R 
N 
0.215** 
255.54675 
99 
S^oil samples collected two years following lime 
applications. 
^^ Mn ~ groups according to the mean exchangeable Mn 
divided by 100 (PF, JC, CA = 0.8; LV = 0.2; CH, CX = 2.3; 
VC = 5); and Mn = exchangeable soil Mn of the surface 0-12 
cm layer. 
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Table Al8, Wheat responses to lime treatments evaluated up 
to five years of experimentation at each ex­
perimental location 
Exp, 
loc. 
Lime 
rate 
Experimental year' 
Mean 
(tons/ha) (kg/ha) 
PF 
JC 
CA b 
LV^  
VC" 
0 1943 365 1365 1280 838 1158 
3,1 2580 453 1805 1263 870 1384 
6,2 2735 312 1770 1067 771 1331 
12,4 2803 352 1232 672 468 1105 
24.8 2683 395 728 25 8 126 838 
0 2878 288 2041 1448 1075 1546 
3,1 2945 243 1255 1577 1109 1606 
6.2 2873 288 2200 1577 1250 1638 
12,4 2558 313 2170 1458 1181 1535 
24.8 3177 312 2160 1528 1234 1682 
0 2168 247 2048 2293 737 1499 
3.1 2358 193 2028 2262 785 1525 
6.2 2063 215 2010 2288 725 1460 
12.4 2030 192 1972 1807 747 1350 
24.8 2112 157 2003 2120 439 1366 
0 625 1223 1197 1232 1944 1264 
3.1 854 2370 1445 1130 1223 1404 
6.2 893 2353 1465 440 1058 1242 
12.4 939 2373 765 26 950 1011 
24.8 816 1827 460 2 837 788 
0 783 932 1622 984 792 1003 
3.1 1089 1153 1387 869 965 1093 
6.2 1100 1325 1512 437 560 987 
12.4 1271 1010 1545 527 413 953 
24.8 1180 877 1147 34 416 731 
S^ignificant occurrence of take-all in underlined data. 
Y^ears of 1971 to 1975, 
Y^ears of 1972 to 1976, 
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Table Al8. (Continued) 
Exp. Lime Experimental year 
loc. rate 1 2 3 4 5 Mean 
(tons/ha) (kg/ha) 
0 1126 1562 431 903 309 866 
3.1 1395 1270 516 842 358 876 
6.2 1193 1390 457 841 532 883 
12.4 1187 1063 423 628 515 763 
24.8 1132 1090 452 688 642 801 
0 1432 1960 693 1500 138 1145 
3 1377 1657 674 767 196 934 
6 1378 175 8 463 1017 236 970 
9 1412 1745 237 747 252 879 
12 1492 1668 36 1082 214 898 
15 1322 1640 21 928 126 807 
18 1203 1670 9 360 63 661 
21 1180 1307 5 805 192 698 
24 1198 1908 13 831 72 804 
Y^ears of 1973 to 1977. 
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Table A19. Occurrence of take-all disease in wheat in rela­
tion to lime treatments and year of experimenta­
tion for each location 
Exp. 
loc. 
Lime 
rate 
Experimental year 
Mean 
(tons/ha) ( % ) •  
PF' 
JC' 
CA 
LV^  
VC 
0 0 0 0 0 0 0 
3.1 0 0 0 2 2 1 
6.2 0 0 1 1 7 2 
12.4 0 0 50 30 26 ,21 
24.8 0 0 68 71 82 44 
0 0 0 0 0 0 0 
3.1 0 0 0 0 0 0 
6.2 0 0 0 0 0 0 
12.4 0 0 . 0 0 0 0 
24.8 0 0 0 0 0 0 
0 0 0 0 0 0 0 
3.1 0 0 0 0 2 0 
6.2 0 0 0 0 0 0 
12.4 0 0 0 0 0 0 
24.8 0 0 0 0 56 11 
0 0 0 0 1 1 0 
3.1 0 1 3 12 27 9 
6.2 0 2 5 47 54 22 
12.4 0 4 25 79 61 34 
24.8 0 11 56 96 65 46 
0 0 0 0 0 4 1 
3.1 0 0 0 7 18 5 
6.2 0 0 0 32 53 17 
12.4 0 0 0 37 55 18 
24.8 0 0 18 94 87 40 
^Experiment 
^Experiment 
started 
started 
in 1971. 
in 1972. 
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Table A19. (Continued) 
Exp. 
loc. 
Lime 
rate 
Experimental year 
Mean 
(tons/ha) ( % ) •  
CH 
CX^  
0 0 0 0 0 0 0 
3.1 0 0 0 0 0 0 
6.2 0 0 0 0 0 0 
12.4 0 0 0 0 0 0 
24.8 0 0 0 0 0 0 
0 0 0 1 3 57 12 
3 0 0 10 72 68 30 
6 0 0 31 69 52 30 
9 0 0 73 79 58 42 
12 0 0 88 58 52 40 
15 0 0 95 58 72 45 
18 0 0 94 97 95 57 
21 0 0 97 84 87 54 
24 0 0 94 84 95 55 
'^Experiment started in 1973. 
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Table A20, Analysis of variance for the effect of lime treat­
ments on wheat yields (kg/ha) for each field ex­
periment that did not have a significant yield 
reduction due to disease^  
Mean squares for each location^  
Source of PF VC LV CX 
variation df^  (10.6) (9.8) (9.5) (8.0) 
Blocks 2 287265.00++ 18052.87ns 329181. 67ns 42240.48* 
Lime 4 363840.00* 25725.17ns 657656. 67* 48025.87** 
Error 8 65333.75 20872.37 116375. 42 10579.48 
CA JC CH 
(6.9) (6.6) (6.0) 
Blocks 2 11466.20ns 45083. 27ns 44252.60ns 
Lime 4 34293.57* 24399. 73ns 38459.43ns 
Error 8 5260.62 32388. 18 27807.18 
S^elected experimental yearsi PF = 1971; JC,CA = 1971, 
1973, 1974; LV = 1973; VC = 1972 -1974; CH,CX = 1973, 1974. 
N^umbers in parentheses represent soil lime requirement 
in tons/ha for each location. 
L^ime rate df for CX is 8. 
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Table A21. Regression equations for estimating average rela­
tive wheat yields for all yield data and for se­
lected yield data not affected by diseases as a 
function of soil pH for samples taken at repre­
sentative soil sampling period^  
Factor 
Actual data 
Standard 
Coefficient error 
Selected data 
Coefficient 
Standard 
error 
Intercept 74.36596 
pH 8.55752ns 15.36560 
pH^  -1.33866ns 1.40800 
•103.23440 
68.74956** 14.24931 
-6.17824** 1.30559 
R 
s: 
N 
0.153** 
156.33561 
130 
0.161** 
133.55332 
129 
S^oil samples collected two years following lime appli­
cations. 
p^H = soil pH of the surface 0-12 cm layer. 
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Table A22. Regression equation for estimating average rela­
tive wheat yields for selected yield data not 
affected by disease as a function of percent 
aluminum saturation of the CEC for samples taken 
at representative soil sampling period 
Factors Coefficient Std. error 
Intercept 
A1 
AlZ 
84.14588 
0.27101ns 
-0.01687** 
0.26908 
0.00632 
R 
s2 
N 
0.148** 
143.15504 
118 
S^oil samples collected two years following lime appli­
cations. 
A^1 = percent aluminum saturation of soil CEC of the 
surface 0-12 cm layer. 
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Table A23. Regression equation for estimating average rela­
tive wheat yields for selected yield data not 
affected by disease as a function of exchangeable 
soil Mn from samples taken at representative soil 
sampling period^  
Factor Coefficient Std. error 
Intercept 
%n 
Mn 
2 Mn 
73.90126 
-7,66108** 
0.20260** 
-0.00021** 
2.61470 
0.03966 
0.00004 
R 
N 
0.218** 
134.2099 
112 
S^oil samples collected two years following lime appli­
cations. 
M^n ~ groups according to the mean exchangeable Mn 
divided by 100 (PF, JC, CA = 0.8; LV = 0.2; CH, CX = 2.3; 
VC = 5); and Mn = exchangeable soil Mn of the surface 0-12 
cm layer. 
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Table A24. Bartlett's test of homogeneity of the variance 
for soybean yield data for individual and pooled 
experiments ^ 
2 Experiment X 
PF 6.12+ 
JC 5.96+ 
CA 0.79ns 
LV 37.82** 
VC 16.29** 
CH 8.01* 
CX 57.07** 
All 57.71** 
E^rrors "B" and "C" pooled to represent variance across 
years of experimentation for location. 
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Table A25 Regression equation for estimating soybean yields 
as a function of lime rates for all experimental 
locations^  
Factor Coefficient Std. error 
Intercept 
:sa 
Lr 
L 
Ry 
L*Lr 
L*Ry 
t2 
1289.48526 
808.29844** 
-169.98743** 
38.57010** 
-28.09973+ 
9.82653** 
3.76547* 
-3.25878** 
47.59386 
19.73566 
14.13804 
19.84404 
1.32395 
1.50397 
0.30418 
R 
s: 
N 
0.730** 
186061.7 
551 
E^xperimental data adjusted for mean yield differences 
among experimental years within locations. 
~ classification variable for mean yield differences 
among locations; L = lime rate in tons/haj Lr = original soil 
lime requirement in tons/ha required to bring soil pH to 6; 
and Ry = residual years numbered from 1 to 5 for the respec­
tive year following lime applications. 
Lime 
rate 
ons/ 
0 
3 
6 
9 
12 
15 
18 
21 
24 
27 
30 
33 
10 
1663 
2056 
2389 
2664 
2881 
3039 
3138 
3179 
3160 
3084 
2948 
2754 
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Estimated soybean yields using equation 20 
for soils with different lime requirements 
for the first year of cultivation 
Lime requirement, tons/ha 
5 6 7 8 9 
(kg/ha) 
2513 2343 2173 2003 1833 
2758 2618 2477 2336 2196 
2944 2833 2722 2611 2500 
3072 2991 2909 2828 2746 
3141 3089 3037 2985 2933 
3152 3129 3107 3084 3061 
3104 3110 3117 3124 3131 
2997 3033 3069 3106 3142 
2831 2987 2963 3029 3095 
2831 2702 2798 2893 2988 
2324 2449 2574 2698 2 823 
1983 2137 2291 2446 2600 
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Table A27. Estimated soybean yields using equation 20 for 
soils with different lime requirements for the 
third year of cultivation 
Lime requirement, tons/ha 
rate 5 6 7 8 9 10 
( tons/ha ( kg/ha ) 
0 2457 2287 2117 1947 1777 1607 
3 2724 2584 2443 2303 2162 2022 
6 2934 2822 2711 2600 2489 2378 
9 3084 3002 2921 2839 2758 2676 
12 3176 3123 3071 3019 2967 2915 
15 3208 3186 3163 3141 3118 3096 
18 3183 3190 3197 3204 3210 3217 
21 3099 3135 3171 3208 3244 3280 
24 2956 3022 3087 3153 3219 3285 
27 2754 2849 2945 3040 3235 3231 
30 2494 2619 2744 2868 2993 3118 
33 2175 2329 2484 2638 2792 2946 
Lime 
rate 
ons/! 
0 
3 
6 
9 
12 
15 
18 
21 
24 
27 
30 
33 
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Estimated soybean yields using equation 20 for 
soils with different lime requirements for the 
fifth year of cultivation 
Lime requirement, tons/ha 
5 6 7 8 9 10 
(kg/ha) 
2401 2231 2061 1891 1721 1551 
2691 2550 2410 2269 2129 1988 
2922 2811 2700 2589 2478 2367 
3095 3014 2932 2851 2769 2688 
3210 3158 3106 3054 3001 2949 
3265 3243 3220 3198 3175 3152 
3262 3269 3276 3283 3290 3297 
3201 3237 3273 3310 3346 3382 
3080 3146 3212 3278 3344 3410 
2901 2997 3092 3187 3283 3378 
2664 2788 2913 3038 3163 3288 
2367 2522 2676 2830 2984 3139 
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Table A29. Effect of including block effect for explaining 
the variability in the regression models for 
soybean yields as a function of lime rate for 
each of the field experiments 
Regression Mean square _ 
Experiments models error R 
PF With^  117527.7 0.830 
Without 110984.2 0.842 
JC With 157235.9 0.422 
Without 156675.0 0.432 
CA With 187134.4 0.563 
Without 183134.4 0.563 
LV With 113031.9 0.764 
Without 113031.9 0.764 
VC With 131928.2 0.673 
Without 131928.2 0.673 
CH With 139893.0 0.256 
Without 136308.9 0.285 
CX With 221146.0 0.489 
Without 221146.0 0.489 
W^ith includes block effect. 
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Table A30. Regression equation for estimating wheat yields 
as a function of lime rates for all locations 
Factor^  Coefficient Std. error 
Intercept 468,8280 
Lr 123.4255** 27.4457 
Ry -124.1239** 30.0374 
L 25.3888+ 18.7902 
Tk -15.0717** 2.9597 
L*Lr -3.0764+ 2.1069 
Ry*Tk 1.6498* 0.7456 
0.519** 
s^  173803.14065 
N 290 
Lr = original soil lime requirement in tons/ha re­
quired to bring soil pH to 6j Ry = residual years numbered 
from 1 to 5 for the respective year following lime applica­
tions; L = lime rate in tons/ha; and Tk = take-all incidence 
in percent of plot area. 
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Table A31. Regression equation for estimating the occurrence 
of take-all in wheat as a function of lime rate 
and year of experimentation 
Factor^  Coefficient Std. error 
Intercept -32.80524 
ta 
H
 -9.27941** 2.55328 
Ry 28.91429** 8.93514 
L 2.41843** 0.80722 
L*Ry 0.30701* 0.15108 
Ry'ig 3.88837** 0.66256 
L2 
-0.05004* 0.02309 
Ry^  -6.33673** 1.30981 
R^  0.621** 
549.93202 
N 291 
= classification variable coded from 1 to 7 for location 
effect; Ry = residual years numbered from 1 to 5 for the re­
spective year following lime applications; and L = lime rate 
in tons/ha. 
Table A32. Regression equations for estimating average wheat grain yields for 
selected yield data not affected by disease as a function of lime rate 
applied to each experimental location 
Experiments 
Lime 
Location requirement Intercept R 
PF 
VC 
LV 
CX 
CA 
JC 
CH 
(tons/ha) 
10.6 
9.8 
9.5 
8.0  
6.9 
6 . 6  
6-0 
2087.17949 
1112.50769 
1585.79487 
1633.99259 
2231.95923 
2148.00833 
1338.27500 
114.44929** 
(37.28948) 
28.29809++ 
(15.39019) 
151.33301** 
(49.55478) 
-9.77407** 
(3.45410) 
-30.82190* 
(10.68397) 
3.75538ns 
(5.35941) 
-10.48118* 
(4.74907) 
-3.63830* 
(1.40691) 
-0.88764+ 
(0.58066) 
-5.77743** 
(1.86967) 
0.97371* 
(0.40310) 
0.480* 
0.262+ 
0.445* 
0.242** 
0.462* 
0.036ns 
0.272* 
L^ = lime rate in tons/ha; numbers in parentheses are standard errors. 
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Table A33. Regression equation for estimating average wheat 
grain yields for selected yield data not affected 
by disease as a function of lime rate 
Factor Coefficient Std. error 
Intercept 
Lr 
L 
L*Lr 
.2 
1500.53629 
35.07408ns 
-28.97919ns 
4.85346+ 
-0.5048ns 
45.24124 
35.61021 
3.53828 
0,8034 
R 
s: 
N 
0.075++ 
276601.17973 
117 
L^r = original soil lime requirement in tons/ha re­
quired to bring soil pH to 6; and L = lime rate in tons/ha. 
Table A34. Total soybean production functions for yields discounted at various 
annual rates for 3 and 5 year production periods 
Dis­
counting 
rate 
Produc­
tion 
period 
Regression coefficients ^ 
Intercept Lr L L*Lr L2 
(%) (years) 
0 
0 
3 
5 
10004.5851 
16533.8100 
-509.9622 
-849.9370 
138.3033 
249.3330 
29.4795 
49.1325 
-9.7764 
-16.2940 
10 
10 
3 
5 
7620.1986 
11110.8885 
-388.1195 
-569.8241 
104.4607 
163.6618 
22.4360 
32.9399 
-7.4405 
10.9239 
20 
20 
3 
5 
7031.9794 
9939.4526 
-358.0753 
-508.3663 
96.1523 
145.0833 
20.6994 
29.3872 
—6.8646 
-9.7458 
30 
30 
3 
5 
6065.3104 
8088.7322 
-308.7163 
-414.0161 
82.5422 
116.7781 
17.8460 
23.9331 
-5.9184 
-7.9371 
40 
40 
3 
5 
5038.6635 
6766.5177 
-270.0967 
-345.9523 
71.9337 
96.5668 
15.6135 
19.9985 
-5.1779 
-6.6321 
50 
50 
3 
5 
4703.9164 
5779.6110 
-239.2415 
-295.2045 
63.4884 
81.6409 
13.8299 
17.1180 
-4.5865 
-5.6593 
L^r = original soil lime requirement in tons/ha required to bring soil pH 
to 6; and L = lime rate in tons/ha. 
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Table A35, Some product and factor price relationships 
observed for the last ten years^  
Year 
Wheat 
grain 
(Pw) 
Soybean 
grain 
(Ps) 
Limestone 
(Px) Px/Py^  Px/Pyg 
(Cr$/kg) (Cr$/kg) 
1971 0.55 0.42 80.00 190 145 
1972 0.60 0.63 77.00 122 128 
1973 0.75 1.00 88.00 88 117 
1974 1.40 1.17 135.00 115 96 
1975 1.67 1.42 180.00 127 108 
1976 2.13 1.75 220.00 126 103 
1977 3.17 2.58 330.00 128 104 
1978 4.15 3.67 370.00 101 89 
1979 5.40 6.33 427.00 67 79 
S^ources: Brazil Bank and Wheat Cooperative Federation 
(FECOTRIGO). 
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A. Research Participants 
Researchers who have participated in this lime research 
program are: 
R. Hardy Bartz 
C, Manuel Borkert 
R. Alberto Kochhann 
J. A. Martini 
Dercio Scholles 
0. J. F. de Siqueira 
B. Soil CEC Determination at Soil pH 
(Effective Soil CEC) 
Ten grams of soil were saturated with lOO ml 1 N KCl for 
an overnight period and then filtered with a light suction 
utilizing a 500 ml Erlenmeyer suction flask and a 55 mm 
Buchner funnel with a 11 mm Whatman #42 (or #2) filter paper 
that was moistened and seated with light suction. The sample 
was not allowed to become dry and cracked. The soil in the 
filter apparatus was leached eight times with 50 ml portions 
of the reagent, KCl. 
Calcium presence in the final effluent solution was 
tested for by utilizing drops of 10% potassium oxalate and 
dilute KOH in a test tube being heated to near boiling point. 
The white precipitate formed was an indication of Ca in the 
solution. 
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The excessive electrolyte was washed out with five por­
tions of 50 ml of a 99% methyl alcohol solution. Chloride 
presence was tested for by using 0.1 N AgNO^  solution. 
After the test for chloride in the washing solution be­
came negligible, the samples were leached four times with 50 
ml portions of 1 N CaClg and once with 0.25 N CaCl2. Each 
portion was allowed to pass through the soil before adding 
the next one, utilizing a 500 ml Erlenmeyer suction flask. 
Again, the soil was not allowed to become dry and cracked 
between leachings. 
The leachate was transferred to a 500 ml volumetric 
flask and diluted to volume with distilled-deionized water. 
The potassium determination was done following standard 
flame photometry instructions. A flame photometer requiring 
25 ppm lithium solution as an internal standard was used. 

